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1. SCOPE  
 
The subject of this thesis is the chemical modification of vegetable oils via the 
epoxidation of the unsaturations present in the hydrocarbon chain and the 
nucleophilic addition of alcohols to the epoxide. Preliminary experiments showed that 
the direct addition of alcohols to the ethylenic groups is not feasible, from a 
commercial point of view. Extremely low yields of the desired product  were obtained 
and very stringent reaction conditions, e.g. high temperature, strong acid catalyst and 
large amount of catalyst, are required to activate the double bonds. Polymers were 
the main products obtained. Therefore, the work presented here focuses on the 
addition of alcohols to the epoxide ring of the previously epoxidized vegetable oil, 
which showed to be a more suitable way to accomplish the proposed target. 
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Scheme 1.1: epoxidation and epoxide-alcoholysis reactions 
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The proposed modification of the vegetable oils is an important manner to obtain 
potentially useful products using a renewable feedstock. Specifically, the obtained 
products, i.e. vegetable oils bearing vicinal hydroxyl and ether moieties (scheme 1.1), 
will be evaluated as likely biodegradable lubricants with improved oxidation stability 
thanks to the removal of poly-unsaturation, which is believed to be responsible for the 
poor oxidation stability vegetable oils exhibit. 
 
This thesis is the result of a research work that is within the context of a bigger 
project, sponsored by the German Science Foundation (Deutsche 
Forschungsgemeinschaft), under the title “ Sonderforschungsbereich SFB 442 : 
Umweltverträgliche Tribosysteme durch geeignete Werkstoffverbunde und 
Zwischenstoffe am Beispiel der Werkzeugmaschine” (Environmentally Friendly Tribo-
systems by Suitable Coatings and Fluids with respect to the Machine Tool). The 
objectives and organization of this project are disclosed in the next section of this 
chapter. 
 
In previous work carried out in this project, a new heterogeneously catalyzed 
production of neoalcohols was developed1,2. These neoalcohols are expected to 
provide additional stability by sterical hindrance of the hydroxyl and ether functions 
formed when the alcohol is added to the epoxidized oil. Another important 
antecedent, developed also in this SFB project, is the study of the products from the 
addition of formic acid, acetic and pivalic acid to the double bonds of methyl oleate, 
as potential biodegradable lubricants with better stability3. Initial results showed 
effectively an improved oxidation stability4,5. Currently the production of these 
materials in larger scale, to evaluate further important lubricant properties, is on the 
way. 
 
Chemical reactions that were carried out privileged the use of heterogeneous 
catalysts mainly because of environmental concerns, but also for technical and 
economical considerations. All together, the use of a renewable feedstock, 
 - 2 -
Scope                                                       Chapter 1 
___________________________________________________________________________ 
 
 
production of biodegradable materials and incorporation of heterogeneous catalysis 
place this research within the concept of green chemistry, and therefore, contribute to 
the sustainable development of our society. Scaling-up of the reactions as well as the 
lubricant properties, stability, biodegradability and toxicology of the new products are 
issues that are currently being studied by other members of the 
Sonderforschungsbereich. 
 
In the introduction of this thesis a general overview on vegetable oils is presented. 
Topics such as chemical nature, origin, abundance and physical-chemical 
characteristics are revealed. Then, the main chemical reactions that vegetable oils 
undergo are disclosed, emphasizing those closely related to this thesis, i.e. 
epoxidation and addition of alcohols to the epoxidized oil. This introduction chapter 
also includes a discussion on the natural oxidation of vegetable oils, which explains 
the sources of the oxidation, the mechanism, type of oxidation products and methods 
to inhibit this oxidation. The final part of the introduction discloses some industrial 
uses of vegetable oils/derivates, including the application most relevant for this 
project, the use as lubricants. 
 
Chapter 3 contains the results, discussion and conclusions for the experiments on 
epoxidation of vegetable oils. Already available epoxidation technologies are 
compared and a new catalytic system is proposed. Special emphasis is placed on 
correlating the catalytic activity with intrinsic properties of the catalysts. This chapter 
is addressed to the selection of the most suitable epoxidation method for the 
vegetable oils. 
 
Chapter 4 contains the research done on the additions of alcohols to the epoxidized 
oils. Effect of different reaction conditions and catalysts on product distribution and 
substrate conversion are analyzed. One of the aims is to optimize products yields 
under as mild as possible reactions conditions. These results will enable the further 
scaling-up of the reactions. The effect of different heterogeneous catalysts is 
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explained in terms of their physical-chemical characteristics. The final part of this 
chapter will show the influence of several alcohol structures on the alcoholysis 
reaction rate. 
 
Ultimately, chemical characterization of the new products that elucidates its chemical 
identity is presented in the appendix. This characterization had to be done because 
the products are not commercially available, which denies the possibility of 
identification by comparison with standard samples.  
 
 
This PhD thesis was accomplished within the collaborative Sonderforschunsbereich 
442 “Environmentally Friendly Tribo-systems by Suitable Coatings and Fluids with 
respect to the Machine Tool”, funded by the German Science Foundation DFG. The 
motivation of this research center arises through a growing awareness towards 
environmental issues. Through loss lubrication as well as spillage, lubricants are 
exposed to the environment in large quantities. These amounts cause serious 
pollution due to the poor biodegradability and the ecotoxicological hazardous 
additives contained in most of them.  
 
The aim of this Sonderforschungsbereich is to look for new lubricants which are 
easily biodegradable and fulfill their task in different tribo-systems with a minimum of 
non hazardous additives.  It is clear that such lubricants can not have such as high 
performance as commercial ones with their additives. Therefore new coatings are 
developed to accomplish properties formerly taken over by additives (e.g. Anti Wear-
additives). As shown in Figure 1.1 the structure of the Sonderforschunsbereich 
divides the research fields into three groups: 
 
• Project (A) Materials and their behaviour 
• Project (B) Components, systems and processes 
• Project (C) Tribological characterisation and modelling 
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Figure 1.1: Structure of research center 
 
The project A deals with the research for new lubricants and coatings as well as the 
testing of them with respect to their application in an environmentally friendly tribo-
systems. This involves chemists responsible for the development of the new 
lubricants, material scientists developing new coatings, mechanical engineers who 
do primary tests with the new compounds, as well as environmental scientist 
examining the toxicity and biodegradability of the new materials. In project B several 
mechanical engineering researchers deal with different tribo-systems occurring in a 
machine tool. These are e.g. spindle bearings, gearings, roller thrust bearings, axial 
pistons unit, cold forging and fine blanking, drilling and cutting. To simulate these 
systems, different test rigs for simulation were deployed. Project C deals with the set-
up of a database which comprises all kind of data obtained during testing. Once a 
sufficient number of data is gathered, an expert system can be applied to “design” 
tribological partner according to the special need, without time and money consuming 
testing. 
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2. INTRODUCTION 
 
Vegetable oils are part of a larger family of chemical compounds known as 
fats or lipids. They are made up predominantly of triesters of glycerol with fatty acids 
and commonly are called triglycerides. Lipids are widely distributed in nature, they 
are derived from vegetable, animal and marine sources and often are by-products in 
the production of vegetable proteins or fibers and animal and marine proteins. Fats of 
all types have been used throughout the ages as foods, fuels, lubricants, and starting 
materials for other chemicals. This wide utility results from the unique chemical 
structures and physical properties of fats. The chemical structures of lipids are very 
complex owing to the combination and permutations of fatty acids that can be 
esterified at the three (enzymatically non-equivalent) hydroxyl groups of glycerol. A 
generalized triglyceride has the structure shown in scheme 1, without regard to 
optical activity6. 
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Scheme 2.1: General structure of a triglyceride 
 
When R=R´=R“, the trivial name of the triglyceride is derived from the parent acid by 
means of a termination -in, eg, for stearic acid where R = R´ = R“= C17H35, the 
triglyceride is called tristearin. If, on the other hand, R and R“ are different, the center 
carbon is asymmetric and the chiral glyceride molecule can exist in two enantiomeric 
forms7. 
 
Many naturally occurring fats are made up of fatty acids with chain length greater 
than 12 carbon atoms; the vast majority of vegetable and animal fats are made up of 
fatty acid molecules of more than 16 carbon atoms. Marine fats (and some 
Cruciferae fats) are characterized by their content of larger-chain (up to C24) fatty 
acids. Thus, because the fatty acid portions of the triglycerides make up the larger 
proportion (ca 90% fatty acids to 10% glycerol) of the fat molecules, most of the 
chemical and physical properties result from the effects of the various fatty acids 
esterified with glycerol6. 
 
Naturally occurring fats contain small amounts of soluble, minor constituents: 
pigments (carotenoids, chlorophyll, etc), sterols (phytosterols in plants, cholesterol in  
animals), phospholipids, lipoproteins, glycolipids, hydrocarbons, vitamin E 
(tocopherol), vitamin A (from carotenes), vitamin D (calciferol), waxes (esters of long- 
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chain alcohols and fatty acids), ethers and degradation products of fatty acids, 
proteins, and carbohydrates. Most of these minor compounds are removed in 
processing and some are valuable by-products.  
 
Roughly two-thirds of the world’s production of lipids is utilized for human food.  
Lipids are concentrated sources of energy (ca 40 KJ/g), carriers for vitamins and 
other lipid-soluble compounds, as well as sources of essential fatty acids that are 
required by most organisms. Non-edible uses depend mainly on the properties of the 
various fatty acids and fats although some triglycerides  are directly used as 
specialized lubricants. The many derivatives of fatty acids manufactures are used in 
surface coatings, plastics, detergents, lubricants, etc, where the long hydrocarbon 
chain confer needed plasticity, surface activity, or lubricity. In some instances, eg, 
drying oils, the reactive unsaturation of certain fatty acids is exploited, and by means 
of catalyzed, oxidative polymerization, tough, flexible surface coatings are 
developed6. 
 
Chemical composition of vegetable oils 
 
The number of triglycerides in a given natural fat is a function of the number of fatty 
acids present and the specificity of the enzyme system involved in the particular fat 
synthesis reaction. Litchfield8 points out that many plant seed fats have the potential 
to provide 125-1,000 different triglycerides, animal fats contain potentially 1000-
64000 triglycerides species, and butter fat could generate 2863288 triglycerides from 
142 different fatty acids. 
 
Most of the fatty acids in fats are esterified with glycerol to form glycerides. However, 
in some fats, particularly where abuse of the raw materials has occurred leading to 
enzymatic activity, considerable (>5%) free fatty acid is found. Hydrolysis occurs in 
the presence of moisture. This reaction is catalyzed by some enzymes, acids, bases, 
and heat. Most producers of fats attempt to prevent the formation of free acids 
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because certain penalties are assessed if they are present in the trading of crude and 
refined fats. As in the case of triglycerides, the number of known fatty acids is very 
large. Ca 900 vegetable and 500 animal fats have been analyzed9,10,11. Table 2.1 
lists fatty acid prevalent in fats with their principal natural source and technical 
designation6,12. Table 2.2 shows how these fatty acids are distributed in the 
commercially significant fats17. 
 
Phospholopids (scheme 2) occur in most natural fats with different amounts and 
compositions depending on the source of the fat. Owing to their complexity, these fat-
soluble, biologically important compounds also have presented some intriguing 
analytical problems to chemists and biochemists13. From a technical standpoint, 
phospholipids, eg, from soybean, are composed mainly of lecithin, cephalin 
(phosphatidyethanolamine) or phosphatidylinositol. These complex mixtures (2-3% in 
soybean oil) are hydrated during the degumming step, removed and dried. These 
products are sold as commercial lecithin used in margarines, confections, and 
shortenings where a fat-soluble emulsifier is required. 
 
H2C
HC
H2C
O
O
O
C(CH2)mCH3
C(CH2)nCH3
POR
O
O
O
O
R:m, n = 10 - 16
Lecithin                                   CH2CH2N(CH3)3
Cephalin where m = n = 16    CH2CH2NH2
 
Scheme 2.2: structure of phospholipids 
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Table 2.1: representative fatty acids12 
Fatty acid Common 
Name (designation)a 
Source 
 
Butanoic 
 
Hexanoic 
 
Octanoic 
 
Decanoic 
 
Dodecanoic 
 
Tetradecanoic 
 
Hexadecanoic 
 
cis-9-hexadecenoic 
 
octadecanoic 
 
cis-9-octadecenoic 
 
cis,cis-9,12-octadecadienoic 
 
cis,cis,cis-9,12,15-octadecatrienoic 
 
cis,cis,cis,cis-6,9,12,15-
octadecatetraenoic 
 
cis, trans, trans-9,11,13-
octadecatrienoic 
 
12-hydroxy-cis-9-octadecenoic 
 
cis-9-eicosenoic 
 
cis-11-eicosenoic 
 
all cis-5,8,11,14-eicosatetranoic 
 
 
all cis-5,8,11,14,17-eicosapentaenoic 
 
docosanoic 
 
cis-11-docosenoic 
 
cis-13-docosenoic 
butyric (4 :0) 
 
caproic (6 :0) 
 
caprylic (8 :0) 
 
capric (10 :0) 
 
lauric (12 :0) 
 
myristic (14 :0) 
 
palmitic (16 :0) 
 
palmitoleic (16 :1) 
 
stearic (18 :0) 
 
oleic (18 :1 9c) 
 
linoleic (18 :2 9c,12c) 
 
linolenic (18 :3 9c,12c,15c) 
 
        (18 :4 6c,9c,12c,15c) 
 
 
α-oleostearic     
(18 :3 9c,11t,13t) 
 
ricinolenic (18:1 9c, 12-OH) 
 
gadoleic (20:1 9c) 
 
              (20:1 11c) 
 
arachidonic 
 (20:4 5c,8c,11c,14c) 
 
(20:5 5c,8c,11c,14c,17c) 
 
behenic (22:0) 
 
cetoleic (22:1 11c) 
 
erucic (22:1 13c)  
butter 
 
butter 
 
coconut 
 
coconut 
 
coconut,palm kernel 
 
coconut,palm kernel, butter 
 
palm, cotton, butter, animal and marine fat 
 
butter, animal fat 
 
butter, animal fat 
 
olive, tall, peanut, canbra, butter, animal and marine fat 
 
safflower, sunflower, corn, soy, cotton 
 
linseed 
 
marine fat 
 
 
tung 
 
 
castor 
 
marine fat 
 
rapeseed 
 
animal, marine fats 
 
 
marine fat 
 
 
 
marine fat 
 
rapeseed 
 
a: number or carbon atoms:number of unsaturation 
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Table 2.2: Distribution of fatty acids in commercially significant fats17 
Fatty acid composition (wt%) Fat 
12:0a 14:0 16:0 18:0 18:1 18:2 18:3 
Other acids (wt%) 
babassu 
 
castor 
 
 
 
coconut 
 
corn 
 
cottonseed 
 
linseed 
 
oiticica 
 
olive 
 
palm 
 
palm kernel 
 
peanut 
 
rapeseed 
    regular 
    low erucic 
     
safflower 
    regular 
    high oleic 
 
sesame 
 
soybean 
 
sunflower 
 
tung 
 
butter 
 
lard 
 
tallow (beef) 
 
whale 
 
 
 
herring 
 
 
sardine (pilchard) 
 
 
sardine (peruvian) 
 
 
menhaden  
 
44-45 
 
 
 
 
 
44-51 
 
 
 
 
 
 
 
 
 
 
 
 
 
47-52 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 
15-16,5 
 
 
 
 
 
13-18,5 
 
 
 
1,5 
 
 
 
10-12 
 
1,3 
 
0,6-2,4 
 
14-17,5 
 
0,5 
 
 
1,5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
 
0,9-2,1 
 
3-6 
 
4-8 
 
 
 
3-8 
 
 
8 
 
 
8 
 
 
7-8 
5,8-8,5 
 
0,8-1,1 
 
 
 
7,5-10,5 
 
7 
 
22 
 
6 
 
10-12 
 
7-16 
 
32-45 
 
6,5-8,8 
 
6-11,4 
 
 
1-4,7 
4-5 
 
 
6,4-7 
4-8 
 
7,2-7,7 
 
2,3-10,6 
 
3,5-6,5 
 
4 
 
25 
 
22,4-31 
 
25-37 
 
7-12 
 
 
 
8-13 
 
 
16 
 
 
19 
 
 
17-29 
2,5-5,5 
 
0,7-1,0 
 
 
 
1-3 
 
3 
 
5 
 
4 
 
10-12 
 
1,4-3,3 
 
4-6,3 
 
1-2,5 
 
3-6 
 
 
1-3,5 
1-2 
 
 
2,4-2,8 
4-8 
 
7,2-7,7 
 
2,4-6 
 
1,3-3 
 
1 
 
11 
 
16,5-24 
 
14-29 
 
1-3 
 
 
 
1-3 
 
 
2-4 
 
 
3 
 
 
3-4 
12-16 
 
2,0-3,3 
 
 
 
5-8,2 
 
43 
 
19 
 
13-37 
 
 
 
64-84 
 
38-53 
 
10-18 
 
42,3-61 
 
 
13-38 
55-63 
 
 
9,7-13,1 
74-79 
 
35-46 
 
23,5-31 
 
14-43 
 
8 
 
28,5 
 
38-44,4 
 
26-50 
 
28-32 
 
 
 
17-22 
 
 
10-15 
 
 
10-15 
 
 
13-16 
1,4-2,8 
 
4,1-4,7 
 
 
 
1,0-2,6 
 
39 
 
50 
 
5-23 
 
 
 
4-15 
 
6-12 
 
0,7-1,3 
 
13-33,5 
 
 
9,5-22 
20-31 
 
 
77-80 
11-19 
 
35-48 
 
49-51,5 
 
44-68 
 
4 
 
2,5 
 
4,5-8,8 
 
1-2,5 
 
1-2 
 
 
 
1-4 
 
 
1 
 
 
1 
 
 
1 
 
 
0,5-0,7 
 
 
 
 
 
 
 
 
 
26-58 
 
 
 
 
 
 
 
 
 
 
 
 
1-10 
9-10 
 
 
 
 
 
 
 
2-10,5 
 
 
 
3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
8:0 (4,1-4,8),10:0 (6,6-7,6) 
 
ricinolenic (89), 20:1(0,5) 
dihydroxystearic (0,6-
1,1),20:1(0,3-0,8) 
 
8:0 (7,8-9,5), 10:0 (4,5-9,7) 
 
 
 
 
 
 
 
licanic (73-83), unsaturated (5-
16) 
 
 
 
 
8:0 (2,7-4,3), 10:0(3-7) 
 
20:0 (1,5), 20:1+2  (1-1,5), 22:0 
(3-3,5) 
 
22:1 erucic (40-64) 
22:1 (1-2) 
 
 
20:1 (0,5) 
 
 
 
 
 
 
 
 
α-eleostearic (80) 
 
4:0(4),6:0(2),8:0(1),10:0(2,5) 
 
16:1(1,3-3,6),18:3+20:1(1-2) 
 
 
 
16:1(7-18),20:1(12-20), 20:5(1-
4),22:1(4-18),22:5(0,5-3)22:6(1-
5) 
 
16:1(6-9),20:1(9-15), 20:5(6-
9),22:1(11-16),22:5(1-4),22:6(7) 
 
16:1(9),20:1(5),20:4(1),20:5(12-
17),22:1(4),22:5(3),22:6(12) 
 
16:1(9),20:1(2),20:4(1),20:5(20), 
22:1(1),22:5(2),22:6(4) 
 
16:1(9),18:4(3),20:1(1),20:4(1), 
20:5(11),22:1(2),22:5(2),22:6(11)
a: number or carbon atoms:number of unsaturation 
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The most commonly occurring antioxidants in vegetable fats are the tocopherols 
(vitamin E active). These derivatives of 6-chromanol (2H-1-benzopyran-6-ol-3,4-
dihydro-) are not synthesized by mammals. Antioxidants tend to protect fats by 
inhibiting autoxidation and subsequent rancidity. A certain percentage of tocopherols 
are removed in some refining steps and are recovered as by-products14. Another 
compound acting as antioxidant is  sesamol, a sterol found in sesame oil. The 
lecithins and gossypol (a pigment of cottonseed oil) also have been reported to have 
antioxidant characteristics. 
 
The major pigments of fats are carotenoids. Palm oil, usually bright reddish-orange, 
contains as much as 0.2% β-carotene. Many seed oils, particularly if processed from 
immature seeds, also contain significant levels of chlorophyll pigments that lend a 
greenish tinge to the fats. Cottonseed oil is heavily colored by gossypol-type 
(phenolic) pigments. Most of these pigments are removed in the alkali refining and 
bleaching steps. A few pigments (fixed) are difficult to remove and may result from 
heat or oxidative abuse of the fat. The carotenoids pigments are mainly decolorized 
by heat, light or oxidative treatment but the quinines generated by oxidation of the 
tocopherols generally cause darkening of fats. 
 
The principal components in vegetable oils with vitamin activity are the tocopherols. 
Vitamin A is found in butter fat and in fish oil. The carotenes (pro-vitamin A) are found 
at significant levels in palm oil and butter. Vitamin D is found primarily in some fish 
oils. 
 
Most of the unsaponificables in vegetable and animal fats are sterols. The animal fats 
predominantly contain cholesterol and most vegetable fats contain only traces of this 
sterol. Plant sterols, called phytosterols, are made up mainly of sitosterols and 
stigmasterols but some individual vegetable fats contain additional phytosterols. The 
pattern of typical sterols has been suggested as useful in detecting adulteration of 
one oil with another15. Sterols are of minor importance in the technology of fats. 
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Normally they are removed in the refining and deodorization steps. The gross 
mixtures recovered from these processes have been utilized as source of certain 
phytosterols  that are used as raw materials in the pharmaceutical industry16. 
 
In addition to the materials listed above, waxes, hydrocarbons, ketones, aldehydes, 
and mono- and diglycerides are found in fats at varing but low levels. The waxes in 
some seed oils are troublesome and are removed to prevent haze formation in the 
finish product. The ketones and aldehydes probably arise from oxidative damage and 
can cause flavor and odors in fats. The mono- and diglycerides result from hydrolytic 
reactions either in the raw materials or during processing but do not pose particular 
problems in the end products. The hydrocarbons are mainly analytical curiosities. 
 
2.1. Chemistry of vegetable oils 
 
Chemical modification of vegetable oils is an important route to obtain  industrial 
products using  renewable feedstock. There is still a high potential to develop new 
efficient and environmentally friendly reaction pathways leading to new products or to 
find new applications for already existing oleochemicals. This strategy can contribute 
to decrease our dependence on non-renewable, and therefore limited, natural 
resources such as mineral oil.  This chapter is intended to give some examples on 
different reactions that can be used to modify vegetable oils in order to obtain 
products with specific properties and uses. The information provided here is just an 
“appetizer” on some possibilities to transform vegetables oils to make evident the 
tremendous  potential they have. It is not meant to deeply cover all the issues of the 
reactions described and , least, all the reactions that vegetable oils can undergo. For 
instance, enzymatic transformation are not mention and they constitute another vast 
chemical branch to explore. In order to give some structure to this content, the 
reactions were classified in three groups: reactions on the hydrocarbon chain, 
reactions on the double bonds and reaction on the carbonyl function. Each of these 
groups will be described next. 
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2.1.1. Reactions on the hydrocarbon chain 
 
This discussion will be started by drawing a model of a lipid which is not intended to 
be a general one that covers all the structural issues of lipids, but it is useful enough 
to explain the reactive centers in the molecule of a lipid that will be treated on the 
initial part of this sub-chapter. 
 
 
CH3-CH2-(CH2)n-CH2-CH=CH-CH2-(CH)m-CH2-COOR
7  6         3       4 5 5 4 3 2 1  
 
Scheme 2.3: representation of a lipid 
 
The ending methyl group (group 7), also known as ω-group, has the highest 
dissociation energy for the C-H bond, however, it exhibits the lowest steric hindrance 
for chemical reactions. Enzymatic reactions are until now the only known procedure 
to selectively activate this group. One example is the fermentative production of di-
carboxylic acids studied by Uemura et al.18a using Candida Tropicalis M2030. Yi and 
Rehm18b converted (Z)-9-octadecenoic acid to the respective dicarboxylic acid with 
yields 23-50%, using also Candida Tropicalis.  
 
The α-methyl group (group 2) is activated by the neighbor carboxyl or ester group.  
Accordingly, it is feasible to perform several selective modifications on this group 
such as α−sulphonation19,20,  α-halogenation21 (Hell-Volhard-Zelinsky reaction), 
Claisen condensation22, alkylation23, acylation24 and addition of carbonyl compounds.  
 
On the saturated hydrocarbon chain (groups 3) all typical substitution reactions for 
paraffins are possible in theory. However, the groups closer to the carboxyl group are 
hindered by its inductive effect. For the other groups, the substitution are statistically 
distributed. Hinkamp et al.25 carried out the chlorination of stearic acid adsorbed on 
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alumina with Cl2 or tBuOCl at –35°C obtaining the products distribution 14,2% ω-2, 
38,4% ω -1, 43,7% ω with Cl2 and 11,6% ω-2, 51,5% ω -1, 30,1% ω with tBuOCl.  
 
The ω−1 group (group 6) is capable of several aliphatic substitutions, specially 
halogenations. This special reactivity is known as the ω−1 effect. The selectivity for 
the halogenation of the ω−1 position can be improved26 by using N-chloroamines and 
concentrated sulfuric acid in the presence of metal ions such as Fe2+.  
 
The allyl position (group 4) is capable of substitution reactions like allyl-
halogenation27,28, allyl-hydroxylation29-31, electrochemical acetylation32,33 and allyl-
hydroperoxidation32. The latter reaction will be described separately in chapter 2.2. 
because it explains the way how fats oxydatively degradate, which is one of the 
problems vegetable oils present for uses such as lubricants, and this is exactly the 
problem is being tried to be solved with this research.  
 
 
2.1.2. Reactions on the unsaturated positions 
 
The double bonds in the hydrocarbon chain of oleochemicals exhibit a higher 
chemical potential than the paraffinic methyl and methylen groups. On the industrial 
level, chemical reactions on the unsaturation are in second place after the reactions 
involving carboxylic/ester groups. In industry the most extensively applied reactions 
on the unsaturation are hydrogenation and epoxidation. Other reactions with a lower 
industrial use are isomerizations, hydroxylation, oxidative cleavage, metathesis, 
Diels-Alder reactions, carboxylations (hydroformylation and hydrocarboxylation) and 
radical and cationic additions. All these reactions are briefly described in the 
development of this section. Epoxidation reactions and addition of alcohols to the 
epoxidized oils will be separately described in sections 2.1.5. and 2.1.6. because 
they are the reactions this thesis focuses on. 
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Isomerization 
 
The cis-trans isomerization of double bonds converts the less thermodynamically 
stable cis-isomers into the more stable trans-isomer34.  For example, cis-9-
octadecenoic acid, which has a low melting point of 16°C, can be transformed to 
trans-9-octadecenoic acid with a higher melting point of 51°C. Poly-unsaturated 
acids/esters with isolated double bonds can, through a positional re-localization 
isomerization, be converted to the more thermodynamically stable conjugated 
counterparts35. These conjugated fatty acids/derivates are reactive for Diels-Alders 
reactions. 
 
Cis-trans isomerization of double bonds occurs via the reversible addition of a 
radical. Thyil radicals, produced from the homolysis of mercaptanes or sulfides, are 
suitable for this reaction. β-mercapto propionic acid or diphenyl sulfide activated by 
light UV produce active radicals for the cis-trans isomerization of oleic acid (cis-9-
octedecenoic acid) to ca. 80% elaidinic acid (trans-9-octadecenoic acid) at 30°C in 6-
8 h36. Radicals from aromatic sulfinic acid (ArSO2H) and HNO2 are also very effective 
for the latter reaction. The double bond of mono-unsaturated fats can be re-localized 
using acid catalysts like montmorillonite, solid phosphoric acid (H3PO4 on silica) or 
perchloric acid37,38,39. 
 
Alkaline hydroxides in alcoholic solution, potassium alkoxide (or other alcoxides), 
nickel/activated coal and iron pentacarbonyl (Fe(CO)5) are examples of suitable 
catalysts for the isomerization of isolated double bonds to produce the conjugated 
arrangement.  
 
Hydrogenation 
 
Nickel catalyzed hydrogenation of unsaturated fats is carried out in large scale40,41 to 
improve the stability and color of the fat and to increase the melting point. However,  
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the selective hydrogenation of poly-unsaturated fats is a problem still not fully solved. 
Heterogeneous-metal catalysts are not yet active enough for this latter reaction, while 
expensive homogeneous catalysts based on noble metal complexes (like Pd-, Rh- 
and Ru- polivynyl pyrrolidone)  are active enough but present problems of separation 
and re-usability. 
 
Oxidation to vicinal-dihydroxylated products (glycols) 
 
Vicinal-dihydroxylated fats, useful as polyols for polyurethane synthesis, can be 
produced via the water ring opening of the epoxidized fat. Nonetheless, because the 
reaction condition for this procedure are rather drastic42, the direct synthesis of the 
diol is an interesting reaction. Hydroxylation of oleic acid with H2O2 catalyzed by Mo, 
W or Re compounds gives the respective diol with the epoxide as intermediate43,44,45. 
Special attention deserves the enantioselective hydroxylation of trans-9-octadecenoic 
acid methyl ester catalyzed by AD-Mixα and AD-Mixβ  in presence of  MeSO2NH2, 
H2O and tBuOH at 0°C, which gives 97% yield of the vicinal diol and ca. 95% ee of   
(-)-(9S,10S)-dihydroxyoctadecanoic acid methylester (with AD-Mixα) and ca. 95% ee 
of of (+)-(9R,10R)-dihydroxyoctadecanoic acid methylester (with AD-Mixβ). AD-Mix is 
a mixture of K3Fe(CN)6, K2CO3, the alkaloid (DHQ)2-PHAL (for AD-Mixα) or 
(DHQD)2-PHAL (for AD-Mixβ) and K2OsO2(OH)4. The reaction with of cis-9-
octadecenoic acid methyl ester gives very low ee46,47. 
 
Oxidative cleavage 
 
Cleavage of oleic acid to nonanoic acid (pelargonic acid) and di-nonanoicacid with 
ozone (see scheme 2.4) is the most important industrial use of ozonolyis48. It is of 
high interest to find a catalytic alternative that uses a safer oxidation agent. Direct 
oxidative cleavage of inner double bonds with peracetic acid and ruthenium catalysts 
or with H2O2 and Re, W and Mo catalysts gives only 50-60% yield. However, ending 
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double bonds can be cleavaged with ca. 80% yield using 
Ru(acetylacetonate)3/CH3CO3H49 or Re2O7/ H2O250. 
 
H3C-(H2C)7 C
H
H
C (CH2)7-COOMe
CH3-(CH2)7-COOH
HOOC-(CH2)7-COOMe
O3 or
       Re2O7/H2O2
                 or
Ru(acac)3/CH3CO3H  
Scheme 2.4: oxidative cleavage of oleic acid 
 
Metathesis 
 
Olefin metathesis is catalyzed by transition metals like Mo, W, Re51. Auto-metathesis 
of oleic acid methylester catalyzed by W(VI)-chloride/Sn-tetramethyl produces with 
high selectivity 9-octadecene and 9-di-octadecenoic acid methylester in equimolar 
amounts. 
 
Metathesis of oleic acid methylester or erucic acid methylester with short-chain 
olefins like ethane or 2-butene builds unsaturated fatty acid methylesters with chain-
lengths C10 to C15 and the respective olefin52. The disadvantage of these 
technologies is the use of relatively large amount of expensive catalysts. 
 
Warwel et al.53 have recently developed efficient catalysts like 
Re2O7.B2O3/Al2O3.SiO2 + SnBu4 and CH3ReO3 + B2O3. Al2O3.SiO2  which proved to 
be successful for the metathesis of oleochemicals. 
 
Diels-Alder-  and en-reactions 
 
Double unsaturated fatty acids like linoleic undergo, after isomerization to the fat with 
conjugated double bonds, Diels-Alder reactions with suitable substituted di-
enophiles. Isomerized linoleic acid adds at 100°C to maleic anhydride, fumaric acid, 
 - 18 -
Introduction                                                      Chapter 2 
___________________________________________________________________________ 
 
 
acrylic acid and other di-enophiles with activated double bonds54-56 as shown in 
scheme 2.5. For the Diels-Alder reaction the conjugated double bond must be in 
configuration trans/trans, which can be achieved via an isomerization catalyst like 
iodine or sulfur. 
H3C(H2C)4 C
H
C
H
C
H2
C
H
C
H
(CH2)7 COOH
(CH2)x C
H
C
H
C
H
C
H
(CH2)yH3C C
H2C C
H
COOH
(CH2)x (CH2)yH3C
HOOC
COOH
(CH2)x (CH2)yH3C C
COOH
cis cis
trans trans
x + y = 12
OOH
OOH
 
Scheme 2.5: Diels-Alder reaction of isomerized (conjugated) linoleic acid with acrylic acid 
 
Unsaturated fatty acids like oleic acid can undergo an en-reaction with maleic 
anhydride or other compound with activated double bonds57-58 as presented in 
scheme 2.6. 
R1
H
R2
X
R1
R2
X
H
 
Scheme 2.6: en-reaction 
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Carboxylation 
 
There are three reactions for the addition of carbon monoxide to the double bonds of 
fats : hydroformylation59 (oxo-synthesis), hydrocarbonylation60,61 and Koch-
synthesis62. These reactions are depicted in scheme 2.7. 
 
C
H
C
H
CO H2
Co2(CO)8
C
H
C
H
CO 2
C
H
C
H
CO ROH
Co2(CO)8
H2SO4
H
C C
H2
CHO
H
C C
H2
COOR
O2
A)
B)
C)
 
HROH 
Scheme 2.7: Carboxylation reactions on fats. A: hydroformylation with oxidation, B: 
hydrocarbonylation, C: Koch reaction. 
 
Hydroformylation with transition metals builds the formyl group which can be oxidized 
to a carboxy group or hydrogenated  to a primary alcohol. In protic solvents,  like 
water or methanol, the carbon monoxide is added as carboxy function. 
Hydroformylation and hydrocarboxylation are catalyzed by Co(CO)8 and carbonyl-
hidride compounds of metals from the 8th group. 
 
Radical additions 
 
These reactions produce a new C-C bond between the fat and the compound being 
added. Acetic, malonic and cyanhydric acids can be added to the double bond of fats 
in a radical reaction initiated by Mn(OAc)362, producing γ-lactones. Larger carboxylic 
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acids can be only added in their α-halogenous form in a radical reaction initiated by 
copper63 producing also  γ-lactones. 
 
Alkanes can be added to olefins in a reaction called an-reaction64. This reaction is the 
thermically initiated radical addition of alkanes to alkenes using temperatures of 200-
450°C and pressures of 200-250 bar65. 
 
Addition of carboxylic acids 
 
As it was already mentioned in the scope section, within the research project this 
thesis was developed, the heterogeneously catalyzed addition of carboxylic acids to 
the unsaturation of vegetable oils was successfully undertaken3-5 and the reactions 
are currently being scaled-up to evaluate the lubricant properties of the products3-5. 
The addition of formic, acetic and pivalic acids to methyl oleate was carried out using 
Nafion®/silica, Amberlyst15® and Y zeolite as catalysts. The best yields obtained 
were 80% for the addition of formic acid, 52% for the addition of acetic acid and 41% 
for the addition of pivalic acid. The addition of formic acid also proceeds 
autocatalytically. The heterogeneously catalyzed addition of carboxylic acids to the 
epoxidized oils, producing vicinal hydroxy-esters, is currently being studied. Using 
the epoxide as intermediate for these reactions is advantageous because milder 
reactions conditions are required amid the higher reactivity of the epoxide ring 
compared to that of the double bond. 
 
 
2.1.3. Reactions involving the carbonyl function 
 
Hydrolysis and alcoholysis 
 
Through hydrolysis66 or transesterfication fats are converted in basic oleochemicals 
like glycerine and fatty acids or fatty acid alkylesters. Hydrolysis normal is done in 
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continuous mode at 250°C and 20-60 bars. The produced glycerol is extracted 
dissolved in water flowing in counter-flow, in this way the hydrolysis reaches ca. 98% 
conversion. Catalysts are not required for this reaction. 
 
Alkaline hydrolysis of fats to produce soaps, the historical beginning of 
oleochemistry, is still an important process. 
 
Alkaline catalyzed transesterification of fats with alcohols like methanol also runs 
continuously at ca. 240°C and 100 bar67. 
 
High pressure hydrogenation 
 
High pressure hydrogenation of fats to fatty alcohols, i.e. linear-primary-aliphatic 
alcohols with chain lengths C8 to C22, is done at 200-250°C and H2 pressure of 250-
300 bars over a mixture of solid oxide catalysts which avoids hydrogenation of the 
double bonds. Copper containing catalysts, like copper chromite, produce saturated 
alcohols while zinc containing catalysts produce alcohols without hydrogenation of 
the unsaturation67. 
 
Synthesis of fatty amines 
 
Fatty amines are produced by the reaction of ammonia with fatty acids, fatty amides 
and fatty nitriles being intermediates for this reaction, catalyzed by nickel68. They can 
be also produced in one step from fatty acids/methyl esters with ammonia or lower 
amines at 250 bars of H2 with oxidic catalysts69. One further technique to produce 
fatty amines starts from fatty alcohols which at 210-260°C on a dehydrogenation 
catalyst with ammonia or short-chain alkyl or dialkyl amines are transformed to fatty 
amines70. Fatty amines are important for the production of fatty amine polyglycol 
ether, betaine, fatty amine oxides and quaternary ammonium compounds, all of 
these have a wide use in the detergent industry. 
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2.1.4. Natural oxidation of vegetable oils 
 
The main  drawback vegetable oils/derivates have for its more generalized use 
replacing mineral oil based lubricants is their poor oxidation stability, which leads to the 
production of volatile-pollutant compounds, loss of lubricant and formation of corrosive 
carboxylic acids which are detrimental for the lubricated equipment.  
 
In the presence of initiators, unsaturated lipids form carbon-centred alkyl radicals and 
peroxyl which propagate in the presence of oxygen by a free radical chain 
mechanism to form hydroperoxides as the primary products of autoxidation71. In the 
presence of light, unsaturated fats can also form hydroperoxides by reacting with 
singlet oxygen produced by sensitized photo-oxidation, which is a non-free-radical 
process72. 
 
Lipid hydroperoxides are readily decomposed into a wide range of carbonyl 
compounds, hydrocarbons, ketones and other materials. Much work has been reported 
on the volatile oxidation products of unsaturated lipids73,74,75 because they cause 
rancidity in foods and cellular damage in the body. Different volatile decomposition 
products are formed according to the relative thermal stabilities of the lipid oxidation 
precursors and resulting carbonyl products.  
 
Free radical autoxidation may be interrupted by several kinds of antioxidants which 
can react with either chain-carrying peroxyl radicals or the alkyl radical 
intermediates76.The first class of antioxidants includes hindered phenols such as 
butylated hydroxyanisole, butylated hydroxytoluene and α-tocopherol. The second 
class of antioxidants includes quinones such as ubiquinone and α-tocopheroquinone. 
These latter compounds are only active in biological systems where the oxygen 
pressure is relatively low. 
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In the presence of trace amounts of transition metals, hydroperoxides are readily 
decomposed to form alkoxyl radical intermediates which can effectively propagate 
the free radical chain. The catalytic effect of metals will be greatly enhanced in 
methyl linolenate because linolenate hydroperoxides are much more readily 
decomposed than linoleate hydroperoxides77. In the presence of metals, the activity 
of free radical-acceptor antioxidants is also significantly diminished78. For these 
reasons, phenolic and other antioxidants are much less effective in inhibiting the 
oxidation of linolenate containing oils, such as soy bean and rapeseed oils, than that 
of linoleate-containing oils, such as sunflower and safflower oils. 
 
Metal chelators act as preventive antioxidants by complexing metal ions and thus 
retarding free radical formation and hydroperoxide decomposition. Because linolenate 
hydroperoxides are so readily decomposed in the presence of metal catalysts, metal 
chelators are particularly effective in preventing linolenate oxidation. Metal chelators 
are thus more effective than phenolic antioxidants in controlling oxidative deterioration 
of soya bean oil that contains linolenate79. Antioxidant synergism is a process by which 
the antioxidant effect of multi-component systems is reinforced. Significant synergism 
is generally observed between free radical acceptor antioxidants and metal chelators. 
Antioxidant synergism is particularly important between natural tocopherols found in 
soy bean oil and metal chelators, such as citric acid, which are essential to ensure 
oxidative stability79. Another type of antioxidant synergism is produced by reducing 
agents such as ascorbic acid80. 
 
α-Tocopherol is highly reactive toward singlet oxygen and inhibits photosensitized 
oxidation by both physically quenching singlet oxygen (i.e. by preventing activation of 
oxygen into singlet oxygen) and by reacting with it to form stable products. Other 
natural quenchers such as carotenoids protect lipids against photosensitized oxidation 
by an energy transfer mechanism81. Carotenoids can also react with the triplet state of 
the excited sensitizers by a similar energy transfer mechanism82. 
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Fragmentation of hydroperoxides occurs by homolytic and heterolytic cleavage 
mechanisms73. Homolytic β-scission produces alkoxyl radical intermediates  that 
undergo further carbon-carbon splitting. For example, homolytic cleavage on one side 
of the alkoxy carbon forms pentane plus methyl 13-oxo-9,11-tridecadienoate from the 
13-hydroperoxide of methyl linoleate, and methyl octanoate plus 2,4-decadienal from 
the 9-hydroperoxide of methyl linoleate. Homolytic cleavage also forms hexanal and 
methyl 9-oxononanoate from the respective 13- and 9-hydroperoxides of methyl 
linoleate. Under acid conditions, heterolysis produces ether carbocation intermediates 
which cleave selectively to form the same products as those of the homolytic pathway, 
namely hexanal and methyl 9-oxononanoate83. Malonaldehyde is another important 
lipid oxidation product in foods and biological systems. 
 
Peroxide-linked dimers were also identified during the initial autoxidation of methyl 
linoleate at room temperature84. Peroxide or ether dimers isolated from methyl 
linoleate hydroperoxides were composed of unsaturated fatty ester units containing 
hydroperoxy, hydroxy and oxo groups. Peroxide dimers were identified as main 
products from methyl linoleate and methyl linolenate autoxidised at 40°C. The dimers 
formed at 150°C were entirely ether or carbon-carbon linked. Dimers formed in the 
presence of ferric chloride and ascorbic acid consisted of both types of linkage. Other 
dimers from hydroperoxyepidioxides and dihydroperoxides were mainly peroxidic in 
nature. These dimers undergo further thermal or catalytic decomposition to produce 
volatile compound like methyl 9-oxononanoate, which is the most substantial thermal 
volatile decomposition product, plus methyl octanoate and  propanal. 
 
 
 
 
 
 
 
 - 25 -
Introduction                                                      Chapter 2 
___________________________________________________________________________ 
 
 
2.1.5.  Epoxidation of vegetable oils 
 
Epoxides, also known as oxiranes, are cyclic ethers with three-membered ring. The 
highly strained ring in their molecule makes them more reactive than other ethers. 
Epoxidation reaction is an important reaction in organic synthesis because the 
formed epoxides are intermediates that can be converted to a variety of products. 
Additionally, the formation of epoxides is attractive in asymmetric synthesis since it 
can lead to two chiral carbons in one step. 
 
2.1.5.1. Epoxidation methods for olefins 
 
There are basically four known technologies to produce epoxides from olefins: (a) 
epoxidation with percarboxylic acids85 (Prileschajew), the most widely used in 
industry, can be catalyzed by acids or by enzymes98, (b) epoxidation with organic and 
inorganic peroxides86 which includes alkaline and nitrile hydrogen peroxide 
epoxidation86 as well as transition metal catalyzed epoxidation87,88, (c) epoxidation 
with halohydrins89, using hypohalous acids (HOX) and their salts as agents for the 
epoxidation of olefins with electron deficient double bonds, and (d) epoxidation with 
molecular oxygen89. 
 
Halohydrins are prepared by the addition of hypohalous acids to olefins, 
subsequently, their  treatment with alkali produces the epoxide89. This is a highly 
environmentally unfriendly system: apart from being a classical stoichiometric 
synthesis which are characterized by an extensive use of reactants, dihalides, 
halogen ethers and salts are produced.  
 
Epoxidations with molecular oxygen which are catalyzed by compounds containing 
elements from groups IV-VI B show high selectivity but low activity90. With elements 
from groups I, VII and VIII B the epoxidations are more active but less selective90. 
Silver is an unique catalyst for the heterogeneous epoxidation of ethylene with 
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molecular oxygen, but the reaction is mainly restricted to a few substrates like 
ethylene and butadiene, the epoxidation of other alkenes results in very low yields91, 
92. Liquid phase oxidations with molecular oxygen are generally free radical 
autoxidations (as it was explained in chapter 2.3), the intermediate alkylperoxy and 
alkoxy radicals are largely indiscriminate in their reactivity and selective oxidations 
are generally observed only with relatively simple substrates containing one reactive 
group. Thus, although O2 is a cheap oxidant with no waste problems its scope is 
limited to a rather small number of simple petrochemicals93. For the particular case of 
vegetable oils, in chapter 2.3 was shown that the oxidation with O2 leads to the 
degradation of the oils to smaller volatile compounds such as ketones and aldehydes 
as well as short-chain dicarboxylic acids. Therefore, it is not an adequate method to 
epoxidize vegetable oils, at least not yet. 
 
A conclusion of this analysis is that for the clean and efficient epoxidation of 
vegetable oils the available technologies needed to be explored are only (a) and (b), 
i.e., epoxidation with percarboxylic acids and  epoxidation with organic and inorganic 
peroxides. These technologies can be rendered cleaner when a heterogeneous 
catalyst is introduced replacing traditional homogeneous ones. Accordingly, next 
section presents some of the most used heterogeneous catalysts for olefins 
epoxidations. 
 
2.1.5.2. Heterogeneous catalysts for epoxidation of olefins 
 
Discussion here will be divided in two parts, each one referring to the epoxidation 
methods chosen in the above section. 
 
- Epoxidation with percaboxylic acids (or peracids) is generally catalyzed by 
soluble mineral acids like sulfuric, tungstic or molybdic acids. The acid is used to 
catalyzed the transformation of a carboxylic acid, e.g. acetic, 3-chlorobenzoic and 
trifluoroacetic, to the respective percarboxylic acid. Epoxides are produced by the 
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non-catalytic reaction of the percarboxylic acid with the olefin90,94,95. The general 
accepted reaction mechanism is shown in scheme 2.8. The final step in the mineral 
acid catalyzed epoxidation is the neutralization of the acid with an alkali, usually 
Ca(OH)2, producing salts, which renders this process environmentally unfriendly. 
Additionally, the presence of strong mineral acids is linked to corrosion problems, 
therefore more expensive corrosion-resistant construction materials are required for 
the production plant. The first successful trial to heterogenize the catalyst used in this 
process was the use of acidic resins96. This process requires a relatively large 
amount of polystyrensulfonicacid resin, typically 10-15% wt.% based on the olefin. 
Disadvantages are the chemical and physical degradation of the resin, which has to 
be changed after 6-8 runs. The use of a more stable heterogeneous acid catalyst is 
highly desirable to improve the economics of this approach. 
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Scheme 2.8.: reaction mechanism for the olefin epoxidation with percarboxylic acids 
 
Enzymatic epoxidation proved to be effective for the epoxidation of vegetable oils 
with aqueous hydrogen peroxide. Immobilized lipases and esterases showed high 
activity to convert fatty acids and their methyl esters to percarboxylic acids using 
H2O2 as oxidant97. Warwel et al.98 used this system to epoxide vegetable oils with 
extremely high yields. 
 
- Epoxidation with organic and inorganic hydroperoxydes: in homogeneous 
phase the most active catalysts are soluble compounds of the early transition 
elements TiIV, VV, MoVI and WVI.  With organic hydroperoxides the activity of this 
metals is in the order15 MoVI >> TiIV ~ VV > WVI, but with anhydrous hydrogen 
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peroxide WVI catalysts are superior than the others99. Some compounds of these 
metals have been successfully heterogenized but the heterogenization remarkably 
changes their relative activity. The epoxidation of olefins with organic 
hydroperoxydes catalyzed by early transition elements involves a peroxometal 
mechanism in which the rate-limiting step is oxygen transfer from an electrophilic 
(alkyl) peroxometal species to the nucleophilic olefin100 (scheme 2.9). The metal 
center does not undergo any change in oxidation state during the catalytic cycle, it 
functions as a Lewis acid by withdrawing electrons from the O-O bond and thus 
increasing the electrophilic character of the coordinated peroxide. Therefore, active 
catalysts are metals which are strong Lewis acids and relatively weak oxidants100 (to 
avoid one electron oxidation of the peroxide), in their highest oxidation state.  A 
description of heterogeneous catalysts prepared from these metals is presented 
below. 
M
O
OR
M
OR
O
 
Scheme 2.9.: peroxometal mechanism for  olefin epoxidation with RO2H catalyzed by transition metals 
 
Titanium: silica-supported titania catalysts, consisting of ca. 2 wt.% TiO2 on silica, 
developed by Shell101,  was the first truly heterogeneous epoxidation catalyst useful 
for continuous operation in liquid phase. It is the catalyst used for the commercial 
epoxidation of propene with ethylbenzene hydroperoxide delivering 93-94% yield  
and 96% hydroperoxide selectivity. In contrast to soluble TiIV compounds, which are  
rather mediocre catalysts, TiIV/SiO2 exhibits relativale high activities and selectivities 
compared to homogeneous molybdenum. The catalyst is prepared by impregnating 
silica with TiCl4 or organo-titanium compounds, followed by calcination. It is generally 
accepted that the titanium is attached to the silica surface by at least three sylanoxy 
groups. The superior activity of TiIV/SiO2 was attributed to both an increase in Lewis 
acidity of the TiIV, owing the electron withdrawal by sylanoxy ligands, and to site-
isolation and stabilization of discrete TiIV centers preventing oligomerization to un-
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reactive µ-oxo species102. Similar to the homogeneous catalysts with TiIV, TiIV/SiO2 is 
very sensitive towards deactivation by strongly coordinating ligands, especially water, 
for this reason TiIV/SiO2 is an ineffective catalyst for the epoxidation with aqueous 
hydrogen peroxide103. This latter problem was overcome with the discovery of TS-
1104 (titanium silicalite), which due to its hydrophobic character, catalyzes selective 
epoxidations with aqueous hydrogen peroxide under very mild conditions105-107. A 
serious shortcoming of TS-1 is its restriction to substrates with kinetic diameter lower 
than 5.5 Å, which is the average diameter of TS-1 pores. Extensive work has been 
done to incorporate TiIV in larger pore molecular sieves, leading to the materials Ti-
beta108, Ti-MCM-41109 and Ti-MCM-48110. Ti-beta has a pore diameter of 7.6 x 6.4 Å 
and is able to epoxidize substrates that fit into its pores with organic hydroperoxides 
and with aqueous hydrogen peroxide when is prepared in the aluminum-free form 
and using slightly basic solvents to avoid epoxide ring opening. Ti-MCM-41 has 
larger pore dimensions of ca. 20 -100Å (which depends on size of the surfactant 
molecule used in its synthesis) and is able to epoxidize bulky substrates  such as 
methyl oleate111, preferably with tert-butylhydroperoxide. 
 
Vanadium: heterogeneous vanadium catalysts have been prepared by isomorphous 
substitution of vanadium in the framework of aluminophosphates and silicates112. 
Oxivanadium ion has been incorporated into polymer resins like polystyrene113 using 
acetylacetone, ethylendiamine or pyridine as ligands. Vanadyl ion has also been 
immobilized on sulfonated ion exchange resins114 A (µ3-oxo) trivanadium 
hexacarboxylate complex [V3O(O2CR)6-(H2O)3]n+ has also been attached to a 
polymer and has been found to have catalytic activity for the epoxidation of 
cyclohexene with tert-butyl hydroperoxide115. However, under liquid phase oxidation 
conditions, a small fraction of the vanadium is leached from the support of all these 
cataysts, leading to a homogeneous reaction which dominates the heterogeneous 
one116,117. Leaching has been also observed in vanadium „ship-in-a-bottle“ 
catalysts118 as well as in vanadium supported on silica119. 
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Molybdenum: very few examples of active heterogeneous molybdenum catalysts 
are known. Molybdenum can not be incorporated in tetrahedral positions of molecular 
sieves. Poly-peroxomolybdates has been heterogenized on layered double 
hydroxides120 which perform epoxidation of olefins with H2O2. MoVI complexes of 
polybenzamidazoles have also shown activity for epoxidations with tert-butyl 
hydroperoxide. However, leaching of molybdenum was not rigorously demonstrated 
and the observed activity could be due to low concentrations of soluble 
molybdenum121. 
 
Tungsten: aqueous hydrogen peroxide in combination with monomeric and 
oligomeric peroxotungsten compounds, e.g. [W2O3(O2)4]2-, [HPO4{WO(µ-O2) (O2)}2]2- 
and [PO4 {WO(O2)2}4]3- , is a superior oxidant for nucleophilic substrates. However, 
problems of effluent-catalyst separation are often associated with these 
homogeneous reactions. To overcome these problems B.F. Sels et. at.122 reported 
the use of WO42- exchanged layered double hydroxides, WO42- LDH, as a truly 
heterogeneous catalyst for the epoxidation of allylic alcohols, homoallylic alcohols 
and non-functionalized olefins with H2O2 in an alcohol/water media. Based on this 
report, it was considered interesting to explore the potential of this catalytic system 
for the epoxidation of vegetable oils.  
 
Very recently Niederer and Hölderich123 reported the synthesis of zeolite BEA 
isomorphously substituted with Mo, V and Ti, via a post-synthesis modification of H-
[B]-BEA, and their use as oxidation catalysts. These materials were active and 
selective in the epoxidation of the linear olefin 1-octene and the cyclic olefins 
cyclohexene, -octene and –dodecene. No side products were detected. Especially 
the Mo containing catalysts were highly active. [Ti]-BEA did not show any Ti leaching 
while [V]-BEA and [Mo]-BEA showed metal leaching. 
 
Based on this information and keeping in mind the aim of performing the epoxidation 
of vegetable oils in an efficient and clean way, it was decided to study the 
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epoxidation of vegetable oils with the following heterogeneous catalysts: acidic resins 
and immobilized enzymes for the Prileschajew type reaction, Ti-MCM-41 and Ti-
morphous silica for the epoxidation with organic hydroperoxides, and WO2-4LDH for 
the epoxidation with H2O2. Microporous Ti-containing materials such as TS-1 are 
expected to show very low activity amid their small pore size which denies 
accessibility for bulky molecules like methyl oleate which is bulky due to its long 
hydrocarbon chain with double bond in cis configuration. Traditional epoxidation with 
soluble mineral acids was also carried out to take it as a reference point. 
 
2.1.5. Addition of alcohols to epoxidized vegetable oils 
 
Although most ethers react with few reagents, the strained three-membered ring of 
epoxides makes them highly susceptible to ring-opening reactions. Ring opening 
takes place through cleavage of one of the carbon-oxygen bonds. It can be initiated 
by either electrophiles or nucleophiles, or catalyzed by either acids or bases. For 
example, the acid catalyzed hydrolysis of an epoxide is a useful procedure for 
preparing vicinal-dihydroxy compounds (glycols). 
 
In acid catalyzed ring opening, the nucleophile attacks the protonated epoxide ring 
from the side opposite the epoxide group (see scheme 2.10). The carbon being 
attacked undergoes an inversion of configuration. The new C-O bond is always 
formed from the side opposite that of the original epoxide ring because the ring-
opening reaction is an SN2 reaction. 
 
Acid catalysis assists epoxide ring-opening by providing a better leaving group (an 
alcohol) at the carbon undergoing nucleophilic attack. This catalysis is especially 
important if the nucleophile is a weak one such as water or an alcohol. 
 
In the absence of an acid catalyst the leaving group must be a strongly basic 
alkoxide ion, but this kind of reactions are not so environment concerned. Such 
 - 32 -
Introduction                                                      Chapter 2 
___________________________________________________________________________ 
 
 
 
reactions do not occur with other ethers, but they are possible with epoxides, 
provided the attacking nucleophile is strong enough. 
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Scheme 2.10: acid catalyzed nucleophilic attack on an epoxide 
 
Besides the reaction variables regarding the nucleophile, already mentio
found out during this research that steric effects also play an outstanding
reaction rate and reaction pathway (see section 4.2.3). Special attention w
the addition of alcohols bearing branches in β position because it is exp
branches will sterically hinder the new functions created by the ring-ope
epoxide with the alcohols, i.e. the ether and hydroxyl groups, inc
hydrolytic and oxidative stability of the products in their application as lubr
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.2. Uses of vegetable oils 
f the approx. 101 million tones of fats and oils, which were produced worldwide in 
From a chemical point of view, triglycerides offer two reactive sites, the double bond 
For most of the further uses oils and fats must be split into the so-called oleochemical 
.2.1. Surfactants and Emulsifiers 
Surfactants are generally classified as being anionic, cationic, nonionic or amphoteric 
2
 
O
1998, by far the largest share was used in human foodstuffs. For oleochemistry 14 
million tons were available. The composition of fatty acids contained in the oil 
determines their further use. Special attention must be given to coconut and palm 
kernel oils because of their high share of fatty acids with a short or medium chain 
length (mainly  C12 and C14). For example, these are particularly suitable  for further 
processing to surfactants. Palm, soybean, rapeseed and sunflower oils contain 
mainly long chain fatty acids (C18) and are used as raw materials for polymer 
applications and lubricants124,125. 
 
in the unsaturated fatty acid chain and the acid group of the fatty acid chain.  With 
regard to product development based on triglycerides the majority of derivatization 
reactions is carried out at the carboxylic group (>90%) whereas oleochemical 
reactions involving the alkyl chain or double bond represent less than 10%. 
 
base materials:  fatty acid methyl esters, fatty acids, glycerol and, as hydrogenation 
products of the fatty acid methyl esters, fatty alcohols124.  In the following, innovative 
products, which are derived from glycerides, fatty acids or fatty alcohols are 
presented:  surfactants, emulsifiers, emollients, oleochemicals for polymers, and 
lubricants. 
 
2
 
surfactants depending on the type and charge of the hydrophilic groups126. 
Surfactants are used in a wide range of fields, but the most important field of 
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Cocomonoglyceride sulfate128 (CMGS): has been known for a long time and has 
Protein-fatty acid condensates129: in the development of the protein-fatty acid 
application is the washing and cleaning sector as well as textile treatment and 
cosmetics; these use more than 50% of the total amount of surfactants.  Surfactants 
are also used in the food sector, in crop protection, in mining, and in the production of 
paints, dyes, and paper. Apart from soap, the most important surfactant, from the 
amount produced, is still the petrochemical-based alkyl benzene sulfonate. However, 
in recent years a continuous trend towards surfactants based on renewable 
resources has become apparent.  The total worldwide market amounts to 10.7 million 
tons for the year 2000, coming from 9,2 million tons in 1995127. In the following 
paragraphs some surfactants and emulsifiers obtained from vegetable oils will be 
briefly described. 
 
already been used in a few products. In a newly developed manufacturing process 
CMGS is obtained directly from the transesterification of coconut oil with glycerol and 
further reaction with SO3, in a solvent-free two-stage process. Because of its 
technical application properties, CMGS is predestined for use in cosmetic products 
such as shower gels and foam baths or shampoos.  Here it can be seen that CMGS 
in comparison to ether sulfate, the standard surfactant for this application, has a 
similar good foaming power.  Combinations of alkyl polyglycosides (APG) and 
CMGS, in which CMGS acts as foam booster, are particularly interesting because 
they show an adequate thickening ability, an acceptable viscosity without the addition 
of co-surfactants, proved to be considerably less of a skin irritant than ether sulfate or 
other anionic surfactants such as sulfosuccinates.   
 
condensates it was possible to combine the renewable resources fatty acids (from 
vegetable oil) and protein, which can be obtained from both animal waste (leather) as 
well as from many plants, to construct a surfactant structure with a hydrophobic (fatty 
acid) and a hydrophilic (protein) part.  This was carried out by reacting protein 
 - 35 -
Introduction                                                      Chapter 2 
___________________________________________________________________________ 
 
 
arbohydrate surfactants - alkyl polyglycosides130: the development of 
Polyglycerol esters131: emulsifiers based on glycerol or polyglycerol are a class of 
hydrolyzate with fatty acid chloride, using water as solvent.  Products were obtained 
which had an excellent skin compatibility and additionally had a good cleaning effect. 
In the cosmetic branch protein-based surfactants are mainly used in mild shower and 
bath products, mild shampoos, surfactant-based face cleaners, cold-wave 
preparations and fixatives or surfactant preparation for babies. 
 
C
surfactants based on carbohydrates and oils is the result of a product concept which 
is based on the exclusive use of renewable resources. In industry saccharose, 
glucose and sorbitol, which are available in large amounts and at attractive prices, 
are used as the preferred starting raw materials. The products offered on the market 
are suitable for particular applications, e.g. as emulsifiers for foodstuffs and 
cosmetics or, in the case of the sorbitan esters, also in technical branches such as 
explosives and in emulsion polymerization. The ideal raw material for selective 
derivatization is glucose.  Reaction with fatty alcohol produces alkyl glucosides. N-
methylglucamides are prepared by reductive amination with methylamine and 
subsequent acylation.  Both products have proved to be highly effective surfactants 
in washing and cleaning agents.  The alkyl glucosides have also additionally 
established themselves in the cosmetic products sector, as auxiliaries in crop 
protection formulations and as surfactants in industrial cleaning agents and today can 
already be said to be the most important sugar surfactants based on the yearly 
production amounts. 
 
products which is well known in the market and used particularly in products for 
personal care and the food area.  Further development will focus on the design and 
optimization of specific emulsifier formulations.  The combination of different types of 
emulsifiers can lead to new uses for mono- and diglycerides.  Polyglycerol esters are 
obtained by esterification of polyglycerol, which is produced by the oligomerization of 
glycerol under basic conditions with fatty acids.  The properties of the various 
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mulsifier based on Alkyl Polyglycoside and Polyglycerol Ester132: requirements 
Multifunctional care additive based on alkyl polyglycoside and glyceryl oleate133: the 
2.2.2. Emollients 
Dialky carbonates as emollients134: the physico-chemical nature of the oil phase 
products can be adjusted by the type of polyglycerol used on one hand and by the 
chain lengths and chain type of the fatty acid used on the other hand. 
 
E
for modern emulsifiers not only include outstanding performance but also 
compatibility with modern emulsification techniques and balanced sensory feeling.  
One product which fulfills these requirements is a compound based on glycerol, alkyl 
polyglycoside and polyglycery-2-dipoly-hydroxystearate. In combination with selected 
emollients it allows the preparation of oil/water emulsions with high quality and 
stability (small droplet sizes). 
 
intelligent combination of alkyl polyglycoside and glyceryl oleate resulted in a new 
product which combines emulsifying and cleaning properties with outstanding care 
effects, such as enhancing of the skin lipid layer. 
 
 
 
l 
components in a cosmetic emulsion, the emollients, determines their skin-care 
effects, such as smoothing, spreading, sensorial appearance. One example of a 
recent development is dicaprylyl carbonate, synthesized by the trans-esterification 
reaction of octanol and dimethyl carbonate in the presence of alkali catalyst.  In 
addition to the very high spreading values it could be shown that this compound is a 
very good solvent for solid UV-filters, which makes this product unique in its overall 
properties compared to other common emollients. 
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2.2.3. leochemicals for polymer applications 
The use of oleochemicals in polymers has a long tradition.  One can differentiate 
Just recently research has been started to use oleochemicals to build up matrices for 
leochemically based dicarboxylic acids like azelaic, sebacic, and dimer acid  
O
 
between the use as polymer materials, such as linseed oil and soybean oil as drying 
oils, polymer additives, such as epoxidized soybean oil as plasticizer, an building 
blocks for polymer, such as dicarboxilic acids for polyesters or polyamides135.  
Considering the total market for polymers of approx. 150 million tons in 1997 the 
share of oleochemically based products is relatively small, or in other terms, the 
potential for these products is very high.  Without doubt there is still a trend in the use 
of naturally derived materials for polymer applications, especially in niche markets.  
As an example, the demand for linseed oil for the production of linoleum has 
increased from 10,000 tons in 1975 to 50,000 tons in 1998 (coming from 120,000 
tons in 1960)136.  Epoxidized soybean oil (ESO) as a plastic additive has a relatively 
stable market of approx. 100,000 tons/year137. 
 
natural fiber reinforced plastics138. The use of natural fibers, such as flax, hemp, 
sisal, and yuca is of increasing interest for various applications, among them the 
automotive industries, where the composites could be used in door pockets, covers, 
instrument panels, sound insulation138. Other applications could be in the 
manufacturing of furniture. 
 
O
amount to approx. 100,000 tons/year as components for polymers. This is about 
0.5% of the total dicarboxylic acid market for this application, where phtalic and 
terephtalic acids represent 87%. The chemical nature of these oleochemically 
derived dicarboxylic acids can alter or modify condensation polymers, and therefore 
will remain a special niche market area. Some of these special properties are 
elasticity, flexibility, high impact strength, hydrolytic stability, hydrophobicity, lower 
glass transition temperatures, and flexibility139. The crucial reactions in the 
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imerdiols based on dimer acid140,141: dimerization of vegetable oleic acid or tall oil 
ue to their improved stability towards hydrolysis and oxidation dimerdiol polyethers 
 
development of building blocks for polymers based on oils and fats are all carried out 
at the double bond of unsaturated glycerides or fatty acids: caustic oxidation, 
ozonolysis, dimerization, (aut) oxidation, epoxidation, and epoxy ring opening. In the 
following recent developments in the field of diols and polyols for polyurethanes will 
be presented in more detail140. 
 
D
fatty acid (TOFA) yields dimer acids, originally introduced in the 1950s, is a complex 
reaction resulting in a mixture of aliphatic branched and cyclic C36-diacids (dimer 
acid) as the main product besides trimer acids and higher condensated polymer 
acids on one hand, and a mixture of isostearic acid and unreacted oleic and stearic 
acid on the other hand. Hydrogenation of dimeracid methylester or dimerization of 
oleyl alcohol leads to dimer alcohols (dimer diols).  Oligomers based on dimer diol 
are industrially manufactured by acid catalyzed dehydration of dimerdiol. Oligomers 
in the molecular weight range of 1000 and 2000 are commercially available by this 
route. Another method used to produce oligomers is the transesterification of 
dimerdiol with dimethyl carbonate. The resulting dimerdiol polycarbonate has a 
average molecular weight of 2000. Both types of oligomers, ethers and carbonates, 
show improved chemical stability compared to dimerdiol polyesters. 
 
D
(and dimerdiol polycarbonates) are used as soft segments in the preparation of 
thermoplastic polyurethanes (TPU). Polyurethanes prepared from this oleochemical 
building blocks are very hydrophobous and show the expected stability. Soft 
segments based on dimerdiol ethers are used to prepare saponification resistant 
TPU-sealings, which allow the contact to aggressive aqueous media. A typical field of 
application is in nutrition technology141. 
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2.2.4. Lubricants 
In the year 2000 the worldwide consumption of lubricants was 37,8 mn t, that figure 
 
Therefore all measures have to be taken in order to keep the impairment of the 
One of the key measures to diminish the impact of lubricants into the environment is 
he reasons for the instability of vegetable oils are the structural double bond 
 
was forecasted to be 37,1 mn t in 2001. Between 13% (EC countries) and 32% 
(USA) of all used lubricants return to the environment more or less changed in 
properties and appearance142. First of all, these are lubricants used in loss 
lubrication, frictional contacts (about 40 000 tons annually in Germany) as well as for 
those lubricants used in circulation systems which are not collected and disposed. In 
addition, lubricants from leaks and the amounts remaining in filter and container or 
empties have to be taken in account. It is estimated that the total amount of 
lubricants returning to the environment is in the order of magnitude of 12-17 million 
t/a. 
environment to the lowest possible level. For evaluating the allowable detrimental 
effect upon the environment, the benefit of lubricants, e.g. their performance or their 
economic properties must be considered, on one hand, and the risks caused by 
these lubricants, e.g. their ecological properties, have to be taken into account143,144.  
 
the biodegradability. Three different groups of substances are available which can be 
used as base fluids to formulate fast biodegradable lubricants and operational 
fluids145: water miscible fluids, vegetable oils and synthetic ester oils. Among the 
vegetable oils, rape seed oil, castor oil, soy oil and peanut oils are specially suitable 
and available. These oils are very rapidly biodegradable, however, their thermal, 
oxidation and hydrolytic stability is limited146. 
 
T
elements in the fatty acid part and the β-CH group of the alcohol component146 
(scheme 2.11). In particular, multiple double bonds are a hindrance for technical 
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performance. These latter issue will be treated in detail in section 2.3. β−hydrogen 
atom is easily eliminated from the structure. The removal of this atom leads to 
splitting of the esters into acid and olefin. Double bonds in alkenyl chains are 
especially reactive with the oxygen in the air. A further weakness of vegetable oils is 
their tendency to hydrolyze in the presence of water147. An improvement in the 
thermal, oxidative and hydrolytic stability of vegetable oils is primarily achieved by 
chemical modification.  
 
H2C
HC
H2C
O
O
O
O
O
O
α
β
γ
Critical Points  
Scheme 2.11  : Critical points for the instability of vegetable oils 
 
ransesterification with suitable alcohols eliminates the weakness of the β-group. 
e commercial use of vegetable oils as biodegradable lubricants with improved 
part from being used as bio-diesel, fatty acid esters, which are obtained from fatty 
acids and alcohols, are becoming increasingly interesting as biodegradable 
T
However, the unsaturation is still a drawback. The project where this thesis was 
developed is addressing the latter problem by chemically modifying the unsaturations 
via the addition of carboxylic acids and alcohols. 
  
Th
stability, through elimination of β-CH group, is described in the next 
paragraphs148,149,150. 
 
A
 - 41 -
Introduction                                                      Chapter 2 
___________________________________________________________________________ 
 
 
 lengths from C8 
 C22 and branched or linear alcohols. The typical diesters are obtained, for 
d as 
placements for mineral oil products not only have ecologically compatible 
replacements for mineral oils. In some application areas such as chain saw oil, 
gearbox oils, hydraulic oils and lubricants for crude oil production these oleochemical 
products have already proved themselves. Esters for lubricant applications are 
divided into five groups: monocarboxylic acid esters (monoesters), dicarboxylic acid 
esters (diesters), glycerol esters, polyol esters, and complex esters. 
 
Monoesters are obtained by reacting carboxylic acids with alkyl chain
to
example, from adipic, sebacic, azelaic, or dimer fatty acids by reaction with butanol, 
ethyl hexanol, isodecanol, isotridecanol or Guerbet alcohol. Using renewable 
resources as a base sebacic acid is obtained from castor oil by oxidation with lead 
(II) oxide as catalyst. Azelaic acid and dimer fatty acids are obtained from oleic acid 
by technical processes. The first by ozone cleavage with pelargonic acid being 
formed as a coupling product, and the latter by thermal dimerization. Although the 
diesters already possess an excellent lubricating effect their thermal stability is 
surpassed by the polyol esters. These products are based on polyols with a 
quaternary carbon atom, for this reason glycerol esters form a separate class of 
products. Complex esters are formed by esterification of polyols with mixtures of 
mono, di, and tricarboxylic acids and are complex oligomer mixtures, which from a 
technical application viewpoint are characterized by their high shear stability148. 
 
The decisive fact is that the specially designed fatty acid esters which are use
re
properties, but also a comparable or even better performance than that of 
conventional products. That this is possible can be demonstrated very clearly by an 
example from the crude oil production sector. In coastal drillings (e.g. in the North 
Sea) the demands placed on the lubricants (drilling fluids) are particularly high. The 
drilling fluid is pumped to the surface together with the drill cuttings and after coarse 
separation disposed directly into the sea.  Apart from a good lubricating effect, the 
biodegradability assumes a particular importance in this application. A special fatty 
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pments refer to the use of tailor-made fatty acid esters in a wide range 
f applications as biodegradable lubricants. In the meantime, environmentally friendly 
an potential market of biodegradable 
lubricants [1000 tons/year]149 
 
Application Biodegradable 
lubricants 
acid ester (developed by Cognis GmbH) fulfill not only the requirement regarding 
biodegradability but also has a better lubricating effect than products based on 
mineral oil151. 
 
Current develo
o
alternatives are available for almost all mineral oil-based products. In Europe, the 
long term potential is estimated to be 10-20% of the total market (500,000-1,000,000 
tons/year149 (Table 2.3). In 1997,  40,000 tons of biodegradable lubricants were sold 
in Germany alone151 (4.5% of the total market). An increase of this share is the aim of 
various measures taken by government and authorities. The success of these efforts 
will finally also depend on the statutory regulations which should govern the use of 
environmentally friendly products. 
 
Table 2.3: Europe
   
Total 
Automotive oils 2305 250 
200 
Turbine oils 200 20 
Compressor o 65 25 
Industrial gea 200 10 
Metal working oils 500 10 
Demoulding oils 110 110 
Chainsaw oils 60 60 
Process oils 600 200 
Lubricating grea 100 100 
Hydraulic oils 750 
ils 
r oils 
 
ses 
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2.3. Heterogeneous talysis 
elius in 1836 as a compound, which increases 
e rate of a chemical reaction, but which is not consumed by the reaction. However, 
the chemical industry, the number of catalysts 
pplied in industry is very large and catalysts come in many different forms: 
terogeneous catalysts is advantageous for several reasons: a) the 
electivity towards the desired product can be enhanced by using the shape 
ca
 
A catalyst was defined by J. J. Berz
th
the catalyst affects only the rate of the reaction, it changes neither the 
thermodynamics of the reaction nor the equilibrium composition. The 
thermodynamics frequently limits the concentration of a desired product. As the 
catalyst does not affect the thermodynamics of the reaction, it is futile to search for a 
catalyst to improve the situation. Instead the reaction conditions (temperature, 
pressure and reactant composition) must be optimized to maximize the equilibrium 
concentration of the desired product. 
 
Catalysis is of crucial importance for 
a
heterogeneous catalysts in the form of solids, homogeneous catalysts dissolved in 
the liquid reaction mixture and biological catalysts in the form of enzymes. Most of 
the chemical processes in industry are heterogeneously catalyzed and the largest 
fraction of those catalysts is used in the production of bulk chemicals152. There is a 
growing trend to replace homogeneous catalysts by heterogeneous systems in the 
production of fine chemicals, this trend is driven by economical and environmental 
aspects153-157. 
 
The use of he
s
selectivity properties present in some porous heterogeneous catalysts, b) intrinsic 
activity of the active sites can be conveniently modified by the solid structure (for 
instance the acid-basic strength  and site isolation), c) surface chemical composition 
can be used to minimize or increase the adsorption of certain compounds (for 
instance the high hydrophobicity of TS-1 avoids its deactivation by water making 
possible the use of aqueous H2O2, d) heterogeneous catalysts can be easily 
 - 44 -
Introduction                                                      Chapter 2 
___________________________________________________________________________ 
 
 
s of this thesis was to use heterogeneous 
atalysts for the proposed reactions, i.e. vegetable oils epoxidation and epoxide ring 
efined pore width in the range 20-100 Å and a surface area up to 1500 m2/g. The 
microporous and crystalline material prepared by 
corporation of titanium in the MFI framework. The solid contains TiIV atoms 
separated from the products by filtration and re-used directly or after a regeneration 
step152, e) they allow easy development of continuous processes, f) substitute 
pollutant-hazardous-corrosive catalysts like HF and g) eliminate or reduce the  waste 
(mainly salts) produced when homogeneous  Brönsted or Lewis acids like H2SO4, 
H3PO4, AlCl3, etc., are neutralized152. 
 
Consequently, one of main objective
c
opening with alcohols. For the epoxidation reactions the catalysts used were Ti-
MCM-41, Ti-Silicalite (TS-1), Ti on SiO2 , WO2-4-LDH and the acidic resins 
Nafion/SiO2 composites, Ambelyst15, Amberlite IR 120 plus and Dowex50X2. For the 
epoxide alcoholysis reactions the catalysts used were the previously mentioned 
acidic resins as well as amorphous (clays) and crystalline (Y zeolite) aluminosilicates. 
These catalysts will be briefly described next. 
 
 Ti-MCM-41: MCM-41 is a structurally high ordered mesoporous material with a well 
d
material is made up of an amorphous SiO2 structure organized in cylindrical pores 
having a hexagonal symmetry158. In general, mesoporous materials like MCM-41 are 
prepared by addition of a basic micelle-forming detergent to a mixture of a solvent 
and a silica source, usually tetraethylortosilicate, followed by a heating period159. 
Different metals can be incorporated in the structure of MCM-41, for instance Al, Ga, 
Fe and Ti160,161, giving rise to a variety of heterogeneous catalysts bearing redox, 
Lewis and/or Brönsted centers. 
 
Ti-silicalite (TS-1): this is a 
in
isomorphously substituting SiIV atoms in the crystalline silicate, therefore, it does not 
have a framework charge like most of the zeolites. TS-1 catalyzes a broad range of 
selective oxidations with aqueous H2O2 105-107 for substrates that fit into its pores of 
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h has 
nd excellent anion affinity suitable to immobilize tungsten anions. LDH materials are 
50X2 are polymers 
ased on styrene (80, 72 and 98 wt.% respectively),  and divinylbenzene as cross-
a structure where one of 
e tetrahedral silicon atoms is replaced by an aluminum leading to the following 
5,5 Å. Some of these oxidations are hydroxylation of phenol to catechol and 
hydroquinone, epoxidation of alkenes, ammoximation of cyclohexanone, oxidation of 
primary and secondary alcohols, oxidation of alkanes to alcohols and hetones. 
 
WO2-4-LDH: layered-double hydroxide (LDH) is a hydrotalcite-like material whic
a
based on the brucite, Mg(OH)2, structure, where octahedral of Mg2+ (6-fold 
coordinated to OH-) share edges to form infinite sheets which stack on top of each 
other, being hold together by hydrogen bonding. When Mg2+ is substituted by 
trivalent cations like Al3+ a positive charge is generated in the hydroxyl sheet. This 
positive charge is compensated by the anion present during the synthesis, in this 
case Cl-, which can be later ion-exchanged by another anions like WO2-4.The anions 
lie in the interlayer region between the two brucite-like sheets162. 
 
Acidic resins: Amberlyst15, Amberlite IR 120 plus and Dowex
b
linking agent (20, 8 and 2 wt.% respectively). The acidity is generated by sulfonic 
groups attached to the polymer skeleton. Nafion/SiO2 (SAC13) is a composite 
material made up of Nafion®, a polymer of tetrafluoro-ethane and perfluoro-2-
(fluorosulfonylethoxy)-propylvinyl ether, entrapped in the pores of a silica matrix. The 
idea underlying the entrapment of Nafion on silica is to disperse nano-particles of the 
resin on the high surface area of silica, increasing in this way the exposure of the 
active sites of the resin. Hölderich et al163-165 have carried out extensive work on the 
application of such catalysts to different chemical reactions. 
 
Aluminosilicates: acid aluminosilicates are based on a silic
th
structure: 
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The alumina tetrahedron formed (framed by dashed line) possesses an unbalanced 
negative charge because the AlO4 fragment of the silica-alumina structure is lacking 
one valence unit and its local valence remains –1. This negative charge can be 
neutralized by a proton, which is mobile and exhibit acidic properties166. 
 
Aluminosilicate zeolites, such as Y zeolite, are defined as crystallized solids 
characterized by a structure which comprises (a) a three-dimensional and regular 
framework formed by linked TO4 tetrahedra (T= Si, Al, …), each oxygen being shared 
between two T elements, and (b) channel and cavities with molecular sizes which 
can host the charge-compensating cations, water or other molecules and salts167. 
This definition corresponds to an ideal structure. The framework present defects 
(non-bridging oxygen, vacant sites, mesopores), and the coordination of the T 
elements may be modified by species present in the micropores. 
 
K10 and KSF/0 are materials based on the naturally occurring smectite clay (also 
known as bentonite). This clay has an aluminosilicate lamellar structure made up of 
an octahedral alumina layer surrounded by two external tetrahedral silica layers 
giving rise to the so-called TOT structure (tetrahedral-octahedral-tetrahedral). In the 
octahedral alumina layer some Al3+ atoms are substituted by Mg2+ or Fe2+ atoms, 
producing a negative charge in the layer, which in the natural material is 
compensated by cations like Na+ or Ca2+, some cations also occupy broken edge 
sites168. To obtain active materials like K10 and KSF/0 the natural clay is treated with 
strong mineral acids that cause de-lamination of the structure, increasing the surface 
area, as well as adsorption of quantities of acid onto both external and internal 
surfaces168. 
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Clay catalysts have been shown to contain Brönsted and Lewis acid sites, with the 
Brönsted sites mainly associated with the inter-lamellar region and the Lewis with the 
edge sites. All these interesting characteristics of clays, as well as their low price, 
make them very attractive as catalysts for industrial reactions and of course, for the 
reactions studied in this thesis. 
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3. EPOXIDATION OF VEGETABLE OILS 
 
 
In this chapter the results obtained on the heterogeneously catalyzed 
epoxidation of vegetable oils will be presented. Conventional epoxidation methods, 
as well as a new one proposed in this research, will be compared and the discussion 
will be centered on the structural features of the catalysts and their activity. After this 
comparison the best epoxidation system for vegetable oils will be suggested  based 
on technical, environmental and economical considerations.  
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3.1. Results and discussion 
 
3.1.1. Epoxidation with percarboxylic acids 
 
Methyl oleate was chosen as model substrate, this material is the methyl ester of 
rape seed oil and has the chemical composition presented in table 3.1 (determined 
by gas chromatography).  
 
Table 3.1: composition of methyl oleate  
Compound* wt.% 
16:0 
18:0 
18:1 trans 
18:1 cis 
18:2 
18:3 
non-identified 
5,2 
1,5 
3,4 
57,5 
18,5 
9,2 
4,7 
   * number of C atom in fatty acid chain :number of  
 double bonds 
 
Sulfuric acid catalyzed epoxidation of methyl oleate was carried out according to a 
known procedure169 in which peracetic acid is in-situ generated in the reaction 
mixture by the reaction of H2O2 and acetic acid catalyzed by H2SO4. The 
heterogeneous counterpart of this reaction was initially carried out using two acidic 
resins, Amberlyst15® and SAC13®. Physical-chemical properties of this two resins 
are presented in table 3.1, amongst them, the acid amount was measured in our 
laboratory according to a known procedure170. 
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Table 3.2: Physico-chemical properties of Amberlyst15 and SAC13 
 Amberlyst 15 SAC13 
Structure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Composition Copolymer styren + 20% 
divinylbenzene  
Copolymer of Tetrafluoroethene + 
perfluoro-2-(fluorosulfonylethoxy) 
propylvinyl ether entrapped on silica 
Acid strength171 • Ho = -2,2  
• By NMR of adsorbed 
mesityl oxide ∆δ = 32,4 
ppm (45% H2SO4) 
• Ho ≥ -12 (96 % H2SO4) 
• By NMR of adsorbed mesityl 
oxide ∆δ = 50-51 ppm (85% 
H2SO4) 
Acid amount 
(meq H+/g) 
4,72 0,22 
Surface area171 
(m2/g) 
51 150-500 
Pore size (nm) 171 40-80 10-25 
Maximal 171 
operational temp. 
(°C) 
120-150 200-280 
Uses Manufacture of MTBE Intensive research is being 
undertaken 
Producer Rohm & Haas Du Pont 
C
H
C
H2
C
H2
C
H
C
H
C
H2
HSO3
x 
y
 
CF2 CF2 CF CF2n
 
x
 
OCF2CF OCF2 CF2 SO3Hm
 
CF3
  
 
The enzymatic epoxidation was carried out using Novozym 435®, a commercial 
catalyst made up of lipase, from Candida Antartica, immobilized on a polyacrylate 
resin. In the latter case the enzyme generates the peracid from the methyl ester by 
splitting the ester function and oxidizing the carboxylic acid generated98, therefore no 
acetic (or other acid) addition is required. Results of the epoxidation of methyl oleate 
catalyzed by H2SO4, Amberlyst15, SAC13 and lipase after 6 and 24 hours of reaction 
are compared in figures 3.1(a) and 3.1(b), reaction conditions are displayed in the 
preceding table. 
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Reaction conditions for figures 3.1 
catalyst Temp. 
(°C) 
H2O2/C=C* 
(mol/mol) 
Oleate/catalyst 
(g/g) 
Oleate/acetic acid 
(g/g) 
Oleate/toluene
H2SO4 
Amberlyst15 
SAC13 
Lipase 
57 
57 
57 
25 
1,1 
1,1 
1,1 
1,1 
179 
10 
10 
10 
11,9 
11,9 
11,9 
0 
3,8 
3,8 
3,8 
5,6 
                 * C=C mols calculated from mixture composition measured by GC 
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Fig. 3.1(a): epoxidation of methyl oleate with peracids. Reaction time = 6 h. Experiments:LRL13, 
LRL21, LRL68 and LRL80 
 
 
 
 
 
 
 
Fig. 3.1(b): epoxidation of methyl oleate with peracids. Reaction time = 24 h,  17
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Fig. 3.1(b): epoxidation of methyl oleate with peracids. Reaction time = 24 h. Experiments:LRL13, 
LRL21, LRL68 and LRL80 
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From these results it is clear the superiority of the enzymatic method, but it has a 
major drawback which denies its industrial application: the catalyst is completely 
deactivated after one run, as it is shown in figure 3,2. No activity was observed after 
one use of the catalyst, fresh enzyme had to be added to recover the initial activity.  
Warwel et al98 reported re-usability of the catalyst for the epoxidation of oleic acid up 
to 15 runs with a decrease in epoxide yield (based on H2O2) from ca. 100% to ca. 
60%. In addition to the considerable drop in the yield (40% drop), the experiments 
were carried out using and excess of oleic acid compared to the hydrogen peroxide 
(oleic acid/ H2O2 ca. 2,8 mol/mol). This also implies that the oil is not completely 
converted and, as it will be shown later, separation of the epoxide and un-reacted oil 
is not possible by conventional methods like high-vacuum distillation because the 
epoxide decomposes at the temperature required. 
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Figure 3.2: re-usability of lipase catalyst. Dotted line indicates time when fresh catalyst 
                               was added. Experiment: LRL21 
 
 - 53 -
Epoxidation of vegetable oils                                                      Chapter 3 
___________________________________________________________________________ 
 
 
Results with the resins show the effect of acid strength on the reaction, this is evident 
when they are compared using the TOF value (Turn Over Frequency), which is an 
indicator of the activity per active site. For instance, at 24 h the ratio 
(TOF)SAC13/(TOF)Amb.15 is 12,6 (this number is calculated from the conversion and the 
number of active sites, i.e. acid amount, reported in table 3.2), meaning that SAC13 
is around 13 times more active than Amberlyst 15 for this reaction. The higher activity 
can only be rationalized in terms of the higher acid strength of SAC13 (values 
reported in table 3.2). Stronger acidity in SAC13 is a consequence of  the fluor atom 
in the resin, which owing its high electronegativity increases the dissociation of the 
acidic proton172. 
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Figure 3.3: peracetic acid epoxidation of methyl oleate catalyzed by Amberlyst15 
                 and SAC13: Reaction conditions as in figure 3.1. Experiments: LRL68 and LRL80 
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The poor selectivities obtained with the resins are somewhat surprising,  considering 
the fact that resins with the same chemical structures of Amberlyst15, i.e. sulfonated 
polystyrene, have been claimed selective for this epoxidation96. Figure 3.3 shows that 
the selectivity in the case of both resins falls dramatically in a few minutes after the 
start of thereaction. This drop is more drastic for Amberlyst15. It is important to 
remark that at the time when the epoxidation with resins was claimed, Amberlyst15 
and SAC13 were not available on the market. To explain this anomalous behavior it 
was decided to study another sulfonated polystyrene resins, including the one used 
in the patent that claims their use. For this study resins with different cross-linkage, 
determined by the amount of divinylbenzene, were selected.   
 
  
Dowex 50WX2, Amberlite IR-120 and Amberlyst 15, with 2, 8 and 20 wt% 
divinybenzene (DVB) respectively,  were used to study the effect of the cross-linking 
level on the epoxidation. The cross-linking degree, and therefore the swelling of the 
resin, is ruled by the content of DVB. In the presence of polar media these resins 
swell making the acid sites more accessible. Swelling is decreased by increasing the 
resin cross-linkage, i.e., the DVB content. Results for methyl oleate epoxidation are 
presented in figures 3.4 to 3.7. As it was expected, decreasing the cross-linkage of 
the resins leads to higher conversion, because higher resin swelling enhances acid 
sites accessibility. 
 
Results on products distribution reveal two interesting features: (a) with the resins 
that are in gel form, i.e. 2% and 8% DVB, the epoxide selectivity decreases with the 
decrease in cross-linking, a glycol is produced from the addition of water to the 
epoxide and its formation is favored by a lower cross-linking. (b) the resin with 20% 
DVB, although it has the highest cross-linking gives also poor epoxide selectivity due 
to the consecutive formation of the glycol. This result can be attributed to the fact that 
this resin is in the macro-reticular form, and therefore exhibit higher external surface 
area than the gel ones. 
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Figure 3.4: effect of resin crosslinking on high oleic acid methyl ester epoxidation, 
    conversion vs. time. Conditions: temperature = 57°C, oil/toluene = 3,8 g/g, oil/acetic 
    acid =2,4 mol/mol, oil/resin=10 g/g, H2O2/oil=1,38 mol/mol. Experiments: LRL241, 
    LRL242 and LRL243. 
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Figure 3.5: effect of resin cross-linking on high oleic acid methyl ester epoxidation.  
    epoxide selectivity vs. time. Conditions and experiments as in fig. 3.4 
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Figure 3.6: effect of resin cross-linking on high oleic acid methyl ester epoxidation.  
         glycol selectivity vs. time. Conditions: as in fig. 3.4 
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Figure 3.7: effect of resin cross-linking on high oleic acid methyl ester epoxidation.  
    ketone selectivity vs. time. Conditions: as in fig. 3.4 
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Ketone produced from the epoxide rearrangement was also observed as second by-
product but in a lower concentration than the glycol. The formation of ketone is an 
interesting issue because, to the best of the knowledge of this author, its formation 
from epoxidized oils has not been reported. Perhaps because people normally 
assume that the by-products are only those resulting from the hydrolysis of the 
epoxide ring. 
  
In summary, these results indicate that for the selective epoxidation of vegetable oils 
with percarboxylic acids and catalyzed by heterogeneous acids, the crucial issue is to 
minimize the contact of the newly formed epoxide with the acidic centers of the 
catalyst. This can be achieved by using acidic resins with high cross-linking, i.e. high 
DVB content, and low surface area. 
 
3.1.2. Epoxidation of vegetable oils with organic and inorganic hydroperoxides 
 
3.1.2.1. Epoxidation with organic hydroperoxides 
 
M.A Camblor. et al.111 claimed the epoxidation of unsaturated fatty esters over Ti-β 
and Ti-MCM-41. Their main conclusions are that the ester can not be epoxidized with 
Ti-MCM-41 using aqueous H2O2 because water inhibits the activity, but Ti-MCM-41 is 
a good catalyst for the epoxidation using anhydrous tert-butyl hydroperoxide (TBHP) 
as oxidant. At 70°C, 1 mmol of methyl oleate was converted to the epoxide with 1 
mmol of TBHP and 30 mg of Ti-MCM-41 giving ca. 65% oleate conversion, 91% 
epoxide selectivity and 99% TBHP selectivity. Ti-β also showed good activity for the 
epoxidation of the oleate with anhydrous TBHP. When aqueous H2O2 was used as 
oxidant, Ti-β showed good epoxide selectivity just in the aluminum-free form and 
loaded with Na+ cations. No information on the role of the cylindrical hexagonally-
organized mesoporous of Ti-MCM-41 and the micropores of Ti-β was provided. 
Besides, important variables to be considered for the scaling-up of the reaction, such 
as temperature, effect of solvents, catalyst stability and metal loading were not 
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MCM-41(2,9), related to the diffraction planes 110 and 200. 
ts 
analyzed. Most important of all, the authors did not tell the advantages of using a 
molecular sieve as Ti carrier for this particular reaction, which will be the main subject 
analyzed in this section. 
 
3.1.2.1.1. Ti-MCM-41 catalysts characterization 
 
All the Ti-MCM-41 materials used in this research were prepared according to the 
procedure developed by Nießen et al.161. Titanium loading of the catalysts was varied 
by simply changing the amount of the Ti source in the synthesis gel. In this way, four 
catalysts were prepared Ti-MCM-41(0,8), Ti-MCM-41(2,2), Ti-MCM-41(2,7) and Ti-
MCM-41(2,9), the number in parenthesis denotes the molar ratio Ti/Si x 100, 
determined by bulk chemical analysis (ICP-AES). The hexagonal arrangement of 
these catalysts is confirmed by the XRD pattern shown in figure 3.8. The peak at ca. 
2,2 degrees is due to the diffraction plane 100 which indicates  hexagonal symmetry. 
Two additional high-order peaks were obtained in the case of Ti-MCM-41(2,7) and Ti-
Fig. 3.8: XRD patterns for Ti-MCM-41 catalys
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To  evaluate the state -IR and DRS-UV/Vis 
T-IR measurements were done using the KBr technique and under dry air. The 
Fig. 3.9: FT-IR spectra  for Ti-MCM-41 catalysts 
 of the Ti in the catalysts framework FT
analysis were carried out. The results of these analysis will be discussed in detail 
because they are crucial to understand the catalytic behavior that will be displayed 
later. 
 
F
results are presented in figure 3.9. Four characteristic absorption bands are 
observed. The band centered at ca. 810 cm-1 is due to the symmetric 
stretching/bending of Si-O-Si bridges. The band at ca. 1085 cm-1  with the shoulder at 
1220 cm-1 comes from the Si-O-Si asymmetric stretching. Finally, the most important 
band in this context, the band at 960 cm-1 is an evidence, although not decisive, of 
the incorporation of Ti in tetrahedral positions of the SiO2 framework. This band is the  
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result of the superimposition of the Si-(OH) stretching mode of the silanol groups with 
the Si-O-Ti asymmetric  stretching mode173. The assignation of this band to the Ti 
site has been object of debate, however there are conclusive probes for this 
assignation, for instance the position of this band on Ti-silicates did not changed 
when the samples were treated with D2O, in contrast, a clear secondary isotope 
effect was found for Si-O vibrations in silanols on pure silica174. Some authors also 
proposed that a titanyl group (Ti=O) would resonate in this region, however, a 
titanium-oxygen double bond would give rise to a charge transfer band in the region 
400-333 nm which is not observed in samples with tetrahedral Ti174. In summary, IR 
is not enough prove for the incorporation of Ti. The absence of the band at 960 cm-1 
would indicate, without any doubt, the no-incorporation of titanium, but its presence is 
not conclusive enough to prove incorporation of Ti. Another important issue is that 
the catalysts do not show absorptions bands in the region 700-400 cm-1, which is the 
range where TiO2 as separated phase absorbs. 
 
UV/Vis analysis were carried out by the diffuse reflectance technique. The results are 
presented in figure 3.10. None of the samples show absorption  around 340 nm, the  
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Fig. 3.10: UV/Vis spectra  for Ti-MCM-41 catalysts 
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wavelength where anatase (shown in the figure) and relative big TixOy structures 
formed by condensed octahedral of Ti absorb174. All the samples have an absorption 
maximum in the region 208-220 nm, which is associated to a level to level transition 
due to isolated Ti centers196. For example, Ti[OCH(CH3)2]4 has an absorption peak 
centered at 222 nm. 
 
 
Nitrogen adsorption analysis were carried out to determine some important physical 
parameters such as surface area, mesopore volume and average mesopore 
diameter. These results together with other analysis like XRD and true solid density 
allowed the determination of textural properties which will help to explain the catalytic 
activity. Figure 3.11 contains the nitrogen adsorption isotherms for the Ti-MCM-41 
catalysts.  
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Fig. 3.11: N2 adsorption isotherms  for Ti-MCM-41 catalysts 
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Three of the samples show typical triangle- and parallelogram-shaped hysteresis 
loops, the latter corresponding to the type I (IUPAC).  Hysteresis loop is absent in Ti-
MCM-41(2,2), this  is an indication of a small pore size in this sample175, a fact that 
will be later confirmed. 
 
As it was mentioned before, the textural properties of the Ti-MCM-41 catalysts were 
determined to establish their influence on the catalytic activity. these properties are 
summarized in table 3.3. Below the table the main equation used for the calculations 
and the geometrical representation of the materials are presented. 
 
 
Table 3.3: textural properties of Ti-MCM-41 catalysts 
Material Atot 
(m2/g) 
 
Total 
surface 
area 
 
Vp 
cm3/g) 
 
Total 
pore 
volume 
ρ  
(g/cm3) 
 
True solid 
density 
ε 
xxx 
 
Internal 
porosity 
2θ100 
(°) 
 
2θ  for 
reflexion 100 
a0 
(Å) 
 
Unit cell 
parameter 
de 
(Å) 
 
Mesopore 
diameter 
Aext 
(m2/g) 
 
External area 
hw 
(Å) 
 
Wall 
thickness 
 
Ti-MCM-41(2,7) 
  
 
1179 
 
1,03 2,3 0,71 2,2 46,4
 
41,0 
 
169,2 5,4
 
Ti-MCM-41(2,9) 
 
 
1354 
 
0,72 2,5 0,64 2,8 36,4
 
30,5 
 
416,2 5,9
 
Ti-MCM-41(0,8) 
 
 
1152 
 
0,24 2,3 0,36 2,4 42,5
 
26,8 
 
792,3 15,7
 
Ti-MCM-41(2,2) 
 
 
1193 
 
0,15 2,3 0,26 2,9 35,2
 
18,9 
 
870,3 16,3
 
 
Total surface area was calculated using the BET equation, total pore volume was 
calculated by the method BJH (Barret, Joyner, Halenda), true solid density was 
measured in an auto-pycnometer with helium at 26°C, 2θ angle for the 100 reflexion 
was determined from the XRD pattern, the other parameters are calculated values 
according to the following model176: 
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ε = Vp ρ / p ρ + 1) 
a0 = ( θ100)  
e 0   
 
angement  of MCM-41and equations for textural    
 
.1.2.1.2. Catalytic results with Ti-MCM-41 
fter the characterization of the Ti-MCM-41 catalysts, the activity of these materials 
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Scheme 3.1: geometrical model of the hexagonal arr
calculations. λ = wavelength of X radiation (XRD). 
3
 
A
on the epoxidation of vegetable oils and its correlation with all the previous analysis 
will be discussed now.  First,  the effect of temperature was checked and the results 
are shown in figure 3.12. Increasing temperature from 25°C to 100°C produces a 
drop in selectivity of ca. 10% while the conversion increases from 10 to 90%. The by-
product being produced was identified as the ketone obtained from the 
rearrangement of the epoxidized oil. Although rearrangement of small epoxides is a 
well documented reaction, to the best of the knowledge of this author, the 
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ig. 3.
aking a compromise between conversion and selectivity results in the selection of  
rearrangement of epoxidized oils has not been reported yet. Usually the only by-
products reported are those from the epoxide ring opening reactions. Later it will be 
shown that this ketone can be produced quantitavely. 
 
12: effect of temperature on conversion and selectivity during the epoxidation of methyl oleate 
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F
with Ti-MCM-41(2,7). TBHP/C=C  1,1 mol/mol*, oil/catalyst = 20 g/g, toluene/oil = 1 g/g, time = 25 h. 
Experiments LRL5, LRL6, LRL7, LRL8 and LRL9. * amount of C=C calculated from the oil composition 
measured by GC. 
 
M
70°C as the optimal temperature to carry out the reactions comparing the different Ti-
MCM-41 catalysts. For these reactions high oleic methyl oleate was chosen as 
substrate. This substance, produced from the oil of a genetically modified sunflower, 
has the advantage that the 18:1 (oleic acid) concentration is increased from 57,5 
wt.% (in the technical methyl oleate) to ca. 97 wt.%. Therefore, it allows a better 
kinetic analysis because the influence of poly-unsaturation present in the other 
compounds of technical methyl oleate is eliminated. Figure 3.13 shows the results 
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Fig. 3.13: comparison of Ti-MCM-41 catalysts for the epoxidation of high oleic methyl oleate. 
he first striking observation is the extremely low activity of TS-1 which was expected 
obtained in the epoxidation of high oleic methyl oleate catalyzed by the Ti-MCM-41 
materials. 
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Conditions: TBHP/oleate = 1,1 mol/mol, oleate /catalyst=20 g/g, toluene/oleate = 1 g/g, temp. = 70°C. 
Experiments LRL220, LRL221, LRL223 and LRL237. 
 
T
due to the small pore size of this material compared to the bulky methyl oleate (long 
hydrocarbon chain in cis configuration, see scheme 3.2). However it was tested 
because some important reactions have showed to take place on the external 
surface of microporous catalysts, such is the case for the Beckman rearrangement of  
cyclohexanone oxime catalyzed by boron-MFI177. That must be also the case for the 
epoxidation of methyl oleate with Ti-β, although this is not reported, but by molecular 
simulation, carried out in our laboratory, it was estimated that on molecule of oleic 
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acid methyl ester has a size of ca. 10 Å (see schema 3.2), and pores of β zeolite are 
only 7,6 x 6,4 Å.  
 
 
 
 
Scheme 3.2: molecular simulation  oleic acid methyl ester. Temp = 80°C. Software: Material Studio. 
Distances in Angstroms. 
 
The different activities observed showed to be a function of the level of Ti dispersion 
(molecular) and textural properties of the supports such as the external surface area. 
This latter parameter has not been usually taken into account to explain the activity of 
mesoporous catalysts, but here it proved to be crucial.  Ti-MCM-41(2,7) is the less 
active catalyst even though it has a higher Ti loading. This lower activity is a 
consequence of two factors: (a) Ti is less dispersed than in all the other catalysts 
because the absorption band in the UV spectra is the most shifted to the red, and (b) 
although the total surface area of Ti-MCM-41(2,7) is comparable to that of Ti-MCM-
41(0,8) and Ti-MCM-41(2,2), the external surface area is the smallest one (see table 
3.3). 
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The relevance of the external surface area for this reaction is confirmed when one 
compares Ti-MCM-41(2,2) and Ti-MCM-41(2,9). Although the latter has both higher 
Ti loading, in comparable dispersion degree (based on UV and IR spectra), and 
higher total surface area it is less active. One plausible explanation for this lower 
activity is the lower external area that Ti-MCM-41(2,9) has compared to Ti-MCM-
41(2,2) (see table 3.3). 
 
The final important issue on fig. 3.12 is the superior activity of Ti-MCM-41(0,8). 
Based on UV and IR spectra as well as on the very low Ti loading this catalyst has 
(the lowest one) it can be concluded that it has the highest Ti dispersion. Besides, 
this catalyst have a high external surface area comparable to that of Ti-MCM-41(2,2). 
 
One parameter that is of extreme importance for the industrial application of 
epoxidation technologies is the efficiency in the hydroperoxide consumption, which 
has to be maximized. Table 3.4 shows the TBHP selectivities for the experiments 
compared in figure 3.13. Clearly, all the experiments run with a very high efficiency in 
the use of the hydroperoxide. This high THBP selectivity results from the relatively 
fast diffusion of the olefin to the Ti-TBHP peroxo complex (see scheme 3.2) where it 
takes the oxygen before it is released as gas (peroxide decomposition).    
 
Table 3.4: TBHP selectivity for the experiments of fig. 3.13, at 24 h 
Catalyst 18:1 conversion 
(%) 
Epoxide selectivity 
(%) 
TBHP selectivity* (%)
 
Ti-MCM-41(0,8) 
Ti-MCM-41(2,2) 
Ti-MCM-41(2,9) 
Ti-MCM-41(2,7) 
 
 
61,0 
54,5 
49,2 
35,4 
 
94,1 
95,2 
94,1 
97,4 
 
 
98,2 
97,3 
99,1 
97,5 
 
 * Selectivity = (mols TBHP reacted with 18:1)/(total mols of TBHP consumed) 
            Concentration of TBHP measured by iodometric titration 
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In summary, these results suggest that for the epoxidation of oleic acid methyl ester 
with TBHP catalyzed by Ti-MCM-41 the two more important catalyst properties are Ti 
dispersion and external surface area, both must be high. 
 
After the important conclusion drawn from the epoxidation reactions with Ti-MCM-41 
regarding the outstanding role of the external surface area, it was straight forward to 
reach the idea that a simple amorphous Ti-loaded silica could do also de job, 
provided the Ti is properly dispersed. Therefore, several Ti/SiO2 catalysts were 
studied. 
 
 
3.1.2.1.3. Ti-SiO2 catalysts characterization 
 
Ti-SiO2(2,0)A is a commercial silica-titania produced by Grace Davison (type III/2), 
Ti-SiO2(5,6)B was prepared by a laboratory-colleague (Dr. Ulf Barsnick) from co-
precipitation of silica Aerosil and tetraethylortotitanate with tetrapropylammonium 
hydroxide, Ti-SiO2(0,8)C was a “failed” Ti-MCM-41 material prepared exactly in the 
same way the previous Ti-MCM-41 but that resulted in an amorphous material 
according to the XRD and N2 adsorption analysis, Ti-SiO2(1,6)D was prepared 
following the same procedure as for the Ti-MCM-41 materials but without addition of 
the surfactant. The number in parenthesis indicates the molar ratio Ti/Si x 100, 
calculated from atomic absorption analysis (ICP-AES) and the character next to the 
number means that they were prepared by different procedures. 
 
As in the case of Ti-MCM-41, the activity of these Ti-SiO2 catalysts is explained in 
terms of their most influential properties, i.e. surface area, Ti dispersion and loading 
as well as porosity of the support.  
 
All the analysis were performed as it was described for Ti-MCM-41. Figure 3.14 
shows the DRS-UV/Vis spectra of the Ti-SiO2 materials. The samples do not show 
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the presence of anatase-like separated TiO2 phase (upper curve). A higher 
wavelength for the position for the lift-off of the absorption band is linked to a lower Ti 
dispersion, consequently, the Ti dispersion in these materials follows the order Ti-
SiO2(0,8)B > Ti-SiO2(1,6)D > Ti-SiO2(5,6)B > Ti-SiO2(2,0)A, which later will be shown 
to be in close relation with the activity. 
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Fig. 3.14: UV/Vis spectra  for Ti-SiO2 catalysts 
 
 
Infrared analysis are presented in figure 3.15. The depression located at ca. 710 cm-1 
(indicated by the vertical line crossing the figure), which is an evidence for the 
absence of condensed TixOy structures in SiO2(0,8)B, is increasing progressively its 
intensity in the order SiO2(0,8)B < Ti-SiO2(1,6)D < Ti-SiO2(5,6)B < Ti-SiO2(2,0)A, 
leading to the same Ti-dispersion order observed in the analysis UV. The band at 
960 cm-1 appears very weak on the catalyst Ti-SiO2(2,0)A indicating a low content of 
framework Ti. 
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Fig. 3.15: FT-IR spectra  for Ti-SiO2 catalysts 
 
XRD analysis showed that the Ti-SiO2 catalysts are amorphous in nature and without 
any kind of ordered arrangement. Nitrogen adsorption isotherms, shown in figure 
3.16, were used to calculate the surface area (BET method) and the average pore 
diameter (BJH method). These two properties are listed in table 3.5. Compared to Ti-
MCM-41 materials, these Ti-SiO2 catalysts have lower surface areas and larger pore 
diameters. Later it will be shown (in the discussion of the catalytic results) that this 
lower surface area is the main factor responsible for the relatively lower activities of 
some of the Ti-SiO2 catalysts. 
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Table 3.5: surface area and pore diameter for Ti-SiO2 catalysts 
Catalyst BET surface area 
(m2/g) 
BJH Average pore diameter 
(Å) 
 
Ti-SiO2(2,0)A 
Ti-SiO2(5,6)B 
Ti-SiO2(0,8)C 
Ti-SiO2(1,6)D 
 
310 
671 
997 
124 
 
127 
41 
29 
285 
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Fig. 3.16: N2 adsorption isotherms for Ti-SiO2 catalysts 
 
 
3.1.2.1.4. Catalytic results with Ti-SiO2 
 
The catalytic results for the epoxidation of high oleic methyl oleate with these Ti-SiO2 
are presented in figure 3.16. For comparison, the results obtained with Ti-MCM-
41(2,7) are also included.  
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Fig. 3.17: comparison of Ti-SiO2 catalysts for the epoxidation of high oleic methyl oleate. Conditions: 
TBHP/ oleate = 1,1 mol/mol, oleate /catalyst = 20 g/g, toluene/ oleate = 1 g/g, temp. = 70°C. 
Experiments LRL221, LRL222, LRL228, LRL229, LRL238 
 
 
The activity of these Ti-SiO2 catalysts is in the order Ti-SiO2(0,8)B > Ti-SiO2(1,6)D > 
Ti-SiO2(2,0)A > Ti-SiO2(5,6)B. This hierarchy is a function of the titanium dispersion 
and surface area. Average pore diameter (table 3.5) does not play an important role 
on the activity. The most active catalyst, i.e.  Ti-SiO2(0,8)B, is also the catalyst with 
the highest surface area (see table 3.5) and the catalyst where titanium is more 
highly dispersed. The latter  statement is proved by the lowest Ti content combined 
with the most blue-shifted UV adsorption band and the less intense 720cm-1 IR band. 
The second most active catalyst, i.e. Ti-SiO2(1,6)D , follows Ti-SiO2(0,8)B in these 
two factors, the UV adsorption band starts at a slightly higher wavelength than on Ti-
SiO2(0,8)B, indicating a slightly less Ti dispersion, and it also has less surface area. 
Under the Ti  dispersion level of this two catalysts, increasing Ti loading does not 
improve the activity.  
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Although both the Ti dispersion  and surface area in Ti-SiO2(5,6)B are higher than in 
Ti-SiO2(2,0)A , higher Ti dispersion indicated by the more blue-shifted UV adsorption 
band of Ti-SiO2(5,6)B,  the latter is more active than the former. This behavior can be 
explained by the fact that the two catalysts are prepared in complete different ways. 
As it was mentioned before Ti-SiO2(5,6)B was prepared by a co-precipitation method, 
while Ti- SiO2(2,0)A was prepared by impregnating the already precipitated silica with 
a titanium salt. This means that part of the Ti in Ti-SiO2(5,6)B could be embedded in 
the silica matrix not being expose to the surface, and therefore, catalytically inactive. 
In Ti-SiO2(2,0)A all the Ti must be mainly on the surface and is better approachable 
to react . 
 
Ultimately, the most important fact shown in figure 3.17 is the amazing similarity in 
the activity of Ti-SiO2(0,8)B and Ti-MCM-41(2,7), being the first one a simple de-
organized Ti-silica and the second one an hexagonally-organized system of 
cylindrical pores. This proves that for the epoxidation of high oleic acid methyl ester 
with TBHP over Ti containing silicas is not necessary at all to use molecular sieve 
based catalysts, which find a vital utility for more demanding reactions that require 
pore-induced selectivity or a special activation of the active sites provided by the 
unique electronic and geometrical configuration of molecular sieves. A simple and 
cheaper de-organize silica loaded with titanium is enough to carried out the 
epoxidation of methyl oleate with TBHP, assuring that the material has a 
considerable high surface area and the titanium is finely dispersed. 
 
 
3.1.2.1.5. Solvent effect with Ti-MCM-41 and Ti-SiO2 
 
All the previous experiments were carried out using toluene as solvent, however it 
has not been proved that this is the best solvent. The effect of different solvents was 
evaluated with the catalysts Ti-MCM-41(0,8) and Ti-SiO2(1,6). The results of these 
experiments are shown in figures 3.18 and 3.19. 
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Fig. 3.18: solvent effect on the epoxidation of high oleic methyl oleate with Ti-MCM-41(0,8). 
hydroperoxide/oleate = 1,1 mol/mol, oleate/catalyst = 20 g/g, toluene/oleate = 1 g/g, temp. = 70°C. 
Experiments LRL220, LRL245, LRL247, LRL248, LRL252 and LRL255. 
 
 
It is clear that with both catalysts the activity for the epoxidation with TBHP is 
increasing with the decrease in the polarity of the aprotic solvents. The polarity of the 
aprotic solvents decreases in the order acetonitrile(37,5) > toluene(2,38) > n-hexane 
(1,89), the number in parenthesis is the respective dielectric constant at 25°C. The 
activity is diminished by using polar protic solvents like tert-butanol. However, for the 
epoxidation with aqueous H2O2 , where polar solvents have to be used to avoid a two 
phase system, polar protic solvents (tert-butanol ) perform better than polar aprotic 
ones (acetonitrile), although the activity is still too low. 
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Fig. 3.19: solvent effect on the epoxidation of high oleic methyl oleate with Ti-SiO2(1,6)D. 
hydroperoxide/oleate = 1,1 mol/mol, oleate/catalyst = 20 g/g, toluene/oleate = 1 g/g, temp. = 70°C. 
Experiments LRL228, LRL244, LRL246, LRL249, LRL253 and LRL254 
 
 
 
3.1.2.1.6. Titanium leaching test on Ti-SiO2 
 
The next step after these interesting findings was to evaluate the stability on the Ti-
SiO2 catalysts by checking the Ti leaching and the re-usability. These tests were not 
done on the Ti-MCM-41 materials because it is already reported their stability  and 
re-usability for this reaction111. The test for titanium leaching was carried out 
according to the recommendations of Sheldon178, that is, filtering the catalyst from 
the reaction media, at the reaction temperature to avoid re-adsorption of the leached 
metal or changes on the oxidation state of the metal, and allowing the filtrate to react 
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further. Figure 3.20 shows the results of this test. After removal of the catalyst no 
further olefin conversion is observed, which can be taken as a prove for the absence 
of Ti-leaching, at least during the  period of time the catalyst was evaluated. It has 
been reported before178,179 that in general Ti-supported catalysts are quite stable 
towards metal leaching under liquid phase oxidations, opposite to V and Mo based 
catalysts which have shown considerable leaching. It is important to remark that the 
final stability test for catalysts have to be done in a bench or pilot plant covering 
longer reaction times. 
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Fig. 3.20: leaching test in the epoxidation of high oleic methyl oleate with Ti-SiO2(0,8)C. Conditions: 
TBHP/oleate = 1,1 mol/mol, oleate /catalyst = 20 g/g, toluene/ oleate = 1 g/g, temp. = 70°C. 
Experiments LRL222 and LRL260. 
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3.1.2.1.7. Re-usability of Ti-SiO2 
 
The re-usability of the catalyst was evaluated by performing four experiments with 
the same catalyst, which was filtrated after every experiment. Figure 3.21 shows that 
the catalyst is re-usable at least four times, with an initial drop in activity which can be 
due to the removal of very fine catalyst particles during the first separation. 
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Fig. 3.21: re-usability of the catalysts Ti-SiO2(1,6)  for the epoxidation of high oleic methyl oleate. 
TBHP/oleate = 1,1 mol/mol, oleate/catalyst =20 g/g, n-hexane/oleate = 1 g/g, temp. = 70°C, time=24 h. 
Experiments LRL261-264. 
 
 
3.2.2.2. Epoxidation with inorganic hydroperoxides 
 
The LDH material was obtained from MgCl2, AlCl3 and NAOH by co-precipitation at 
low super-saturation162 (pH 10, 25°C). A hydrophilic tungstate, WO42--LDH, was 
prepared by exchanging this LDH material with Na2WO4 (pH 10, 25°C, N2 
atmosphere to avoid CO32- exchange). A hydrophobic tungstate was prepared by 
exchanging this WO42—LDH material with sodium p-toluenesulfonate giving a pToS-- 
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WO42—LDH catalyst (pToS- stands for p-toluenesulfonate). Both catalyst were tried 
for the epoxidation of high oleic methyl oleate with H2O2 in methanol as solvent. 
 
Before starting with the catalytic results, some physicochemical properties of the 
catalysts will be presented. Figure 3.22 shows the XRD patterns of the two catalysts 
prepared. In general, LDH materials are very poor crystallized, therefore, the 
diffraction lines are broad and asymmetric. XRD pattern typically present diffraction 
lines at very low 2θ values which are assigned  to the basal reflection 001. This basal 
reflection corresponds to successive order of the basal spacing C’. C’ is the thickness 
on one layer constituted by a brucite-like sheet and one interlayer. The parameter C’ 
depends on the anion size and on the degree of hydration, it increases with 
increasing the size of the anion. For the two catalysts prepared it is evident that the 
exchange with WO42- and  pToS- leads to diffraction lines at lower 2θ values than the 
parent material, which is in agreement with the previous discussion. Catalysts 
chemical composition presented in table 3.6 confirms the exchange with  with WO42- 
and  pToS-. 
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Figure 3.22: XRD patterns of tungsten-LDH catalysts 
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Table 3.6: chemical composition of tungsten-LDH catalysts 
Material Al/Mg  
(mol/mol) 
Cl/Mg  
(mol/mol) 
W/Mg 
(mol/mol) 
LDH (parent) 
WO42—LDH 
PToS--WO42—LDH 
0,36 
0,36 
0,36 
0,35 
0,34 
0,21 
0 
0,01 
0,008 
 
 
Catalytic results with WO42--LDH (hydrophilic material) and pToS--WO42—LDH 
(hydrophobic material) are shown in table 3.7. Both catalysts exhibit extremely low 
olefin conversion as well as very low peroxide selectivity. The very low conversion 
can be a consequence of a low diffusion rate of the oleate to reach the already form 
tungsten peroxo complex, whose decomposition rate seems to be faster than the 
oleate diffusion, judging by the very high H2O2 decomposition. Carefully reading the 
data reported by the developers of this catalytic system122, it is found that the poor 
results obtained with methyl oleate are not surprising. For instance, they reported 
26% and 46% H2O2 efficiency on the epoxidation of cyclohexene with WO42- LDH 
and pToS-- WO42—LDH respectively, at olefin conversions of 44% and 46%, and 
these results were obtained using a 150% excess of peroxide. 
 
 
Table 3.7: catalytic results with  tungsten-LDH catalysts. Conditions: H2O2/oleate=1,1 mol/mol, 
temperature=25°C, methanol/oleate=1 g/g, time=24h 
 
Catalyst Olefin 
conversion 
(%) 
Epoxide 
selectivity 
(%) 
H2O2 
conversion 
(%) 
H2O2 
selectivity 
(%) 
WO42—LDH 
pToS--WO42—LDH 
2 
3 
97 
98 
98 
99 
5 
8 
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Summarizing, this author considers that for bulky and non-functionalized olefins, 
WO42- LDH and pToS-- WO42—LDH are more hydrogen peroxide decomposition 
catalysts than  epoxidation ones, this statement in base on the very low olefin 
conversion and high H2O2 decomposition observed. Such a high peroxide 
decomposition rate, the obtained in this research and the reported by B.F. Sels et. 
at., would be only affordable in the case that the epoxide produced has a very high 
market price and is difficult to be produced by other means.  
 
 
3.3. Conclusions 
 
Analysis of the experimental results  on the epoxidation of vegetable oils leads to the 
following conclusions: 
 
• For the selective epoxidation of vegetable oils with peracetic acid generated 
from the acetic acid and aqueous hydrogen peroxide the most crucial feature 
to avoid glycol formation is to minimize the contact of the epoxide with the 
acidic center of the heterogeneous catalyst. This can be accomplished by, for 
instance, using acidic resins with a high cross-linking degree, i.e. high 
divinylbenzene content, and low external surface area. Temperature must be 
kept below 70°C to inhibit the ketone formation. 
 
• For the epoxidation of vegetable oils with Ti-containing solids the most 
suitable oxidant is anhydrous tert-butyl hydroperoxyde. The use on molecular 
sieves, like MCM-41, as titanium support does not offer any additional 
advantage than high surface area. The epoxidation can be equally carried out 
by an amorphous Ti-SiO2. The important issue here is to have the titanium 
center finely dispersed on a relatively high surface area. Temperature should 
be below 70°C to minimized the ketone formation. The best solvent with this 
catalyst is one apolar and aprotic, like n-hexane. Ti-SiO2 catalyst showed to be 
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truly heterogeneous under the used reaction conditions and re-usable at least 
four times. This epoxidation system TBHP/Ti-SiO2 has not been reported for 
the epoxidation of vegetable oils so far in the literature. 
 
• WO42-LDH catalysts are not suitable for the epoxidation of vegetable oils with 
aqueous hydrogen peroxide. The catalysts show a very high peroxide 
decomposition activity and very low epoxidation activity for vegetable oils. 
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4. NUCLEOPHILIC ADDITION OF ALCOHOLS TO    
EPOXIDIZED VEGETABLE OILS 
 
 
After having discussed in more or less detail the different methods to 
epoxidized vegetable oils using heterogeneous catalysts, the use of such epoxides 
as substrates for the addition of alcohols will be described. Again, the use of 
heterogeneous catalysts is emphasized as well as the correlation of the activity with 
chemo-structural features of the catalysts.   
 
 
4.1. Results and discussion 
 
The strategy followed for this research was first to analyze the effect of temperature 
and reactants concentration on the reaction rate and products distribution. Then, the 
influence of different solid acid catalysts was studied and finally, the effect of alcohols 
with different molecular configuration was determined. One important considered 
element was to establish reaction systems, i.e. catalyst type and reaction conditions, 
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that lead to the selective addition of alcohols to the epoxidized oils under as mild as 
possible working out conditions, in order to transfer the reactions to bench and finally 
to pilot scale. 
 
4.1.1. Effect of temperature and reactants concentration 
 
For these studies two alcohols were selected: methanol and neopentanol. Methanol 
was chosen because being the simplest alcohol, it allows a first approach to the 
reactions system to obtain valuable information that can be applied in the addition of 
other alcohols. Besides, the addition product from methanol could have interesting 
lubricant properties itself. Neopentanol was selected because it will provide the 
reactants concentration and temperature ranges required for the selective addition of 
β-branched alcohols, whose relevance was already disclosed in the introduction of 
this chapter. 
 
Initially, no information on the type of acid catalyst required for these reactions was 
available, but it was clear that the catalyst should provide enough accessibility of the 
acidic centers to the bulky oleate molecule. Therefore, as a first approach, two 
catalysts made up of resins were selected, i.e. Amberlyst15 and SAC13, whose 
properties were already discussed in section 3.2.1. 
 
4.1.1.1. Addition of methanol 
 
The addition of methanol to epoxidized methyl oleate was first explored with 
Amberlyst15 and SAC13 (Nafion/SiO2 composite, c.a. 13 wt. % Nafion) catalysts at 
60°C. The effect of two alcohol/epoxide ratios was studied and the results are shown 
in fig. 4.1. Increasing the methanol/epoxide ratio from 0,5 to 1,0 g/g leads to higher 
reactions rates with both catalysts. Complete epoxide conversion was obtained at 60 
and 90 min. with SAC13 for methanol/epoxide ratios of 1 and 0,5 g/g respectively. 
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With Amberlyst15 total conversion was obtained after 180 and 440 min. for the same 
two methanol/epoxide ratios.  
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Fig. 4.1: addition of methanol to epoxidized ethyl oleate. 10 wt.% catalyst. Experiments LRL43, 
LRL44, LRL45 and LRL47. 
 
A more accurate comparison of the two catalysts is made using the turnover 
frequencies (TOF), which measure the reaction rate per active site, in this case, per 
H+. Figure 4.2 shows this comparison. It can be concluded that the acid sites in 
Nafion are more active than those in Amberlyst15. The sharp difference in the activity 
of the two catalysts can be rationalized in terms of the different acid strengths they 
have. In table 3.2 is reported that Nafion has an acid strength comparable to 85 wt. 
% H2SO4 while Amberlyst15 is similar to 45 wt. % H2SO4. The results indicate that 
the addition of methanol to the epoxidized methyl oleate is favored by highly acidic 
sites, as those present in Nafion, although weaker acids can also accomplish it. The 
fundamental effect of the strong acid sites is to decrease the activation energy for the 
reaction as it is shown in figure 4.3. 
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Fig. 4.2: Turnover frequencies for the addition of methanol to epoxidized methyl oleate. 
Temp.=38°C, oleate/cat.=10 g/g. Experiments LRL43, LRL44, LRL45 and LRL47. 
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Minimizing the sum of the square difference between calculated and measured 
reaction rates it was possible to fit the experimental data into an empirical reaction 
rate equation: 
r = 4,21E-4 CE1,7 CM-7,5 CC12,7 
 
Where CE, CM and CC are the weight percentages of epoxide, methanol and 
Amberlyst15 respectively, r is the reaction rate in mol/min. This equation is shown 
graphically in figure 4.4. A maximal reaction rate is obtained with an epoxide 
concentration of 23,7 wt. %. 
 
As a final consideration for this reaction, the price of Nafion/silica composites is far 
higher than the price of Amberlyst15. On the other hand, one should keep in mind 
that Amberlyst15 is also very active for this reaction. This means that Amberlyst15 
would be probably the catalyst of choice for an industrial application 
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Fig. 4.4: empirical reaction rate equation for the addition of methanol to epoxidized methyl 
oleate. Temp. = 50°C, Catalyst: Amberlyst15, Epoxide/catalyst = 10 g/g. 
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4.1.1.2. Addition of neopentanol 
 
The effect of two different and relatively low neopentanol/epoxide ratios on the 
conversion and selectivity is shown in figure 4.5. With neopentanol/epoxide molar 
ratio of 1 and 2 the epoxide rearrangement product, the ketone, is predominantly 
formed in the reaction catalyzed by Amberlyst15 at 70°C. When no alcohol is added 
the ketone is produced as the only product although the rearrangement reaction is 
rather slow. 
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Fig.4.5: effect of neopentanol/epoxide molar ratio (low range). Reaction time=27 h, temperature = 
70°C, epoxide/Amb.15 = 4,3 mass, toluene/epoxide = 3,2 mass. Experiments LRL25, LRL26 and 
LRL30 
 
 
In an attempt to increase the selectivity towards the desired product, the hydroxy-
ether, it was decided to increase the alcohol/epoxide molar ratio to 20 and study the 
effect of temperature under this reaction mixture composition. Three temperatures 
were analyzed: room, 50 and 100°C. The results are shown in figure 4.6. It is clear 
that temperatures as high as 100°C should be avoided because the hydroxy-ether 
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selectivity is very low as a consequence of the formation of transesterification and 
rearrangement products.  The reactions at room temperature and 50°C are initially 
quite selective towards the hydroxy-ether but the reaction rates are very low and the 
selectivity drops after the long reaction times required for good epoxide conversion 
due to the formation of the trans-esterification products in a consecutive reaction and 
the ketone in a parallel one (see scheme 4.2). After one week of reaction at room 
temperature only 54% epoxide conversion is obtained and the selectivity falls to ca. 
80%, while at 50°C the conversion is 90% and the selectivity was almost constant in 
90% after the same reaction time.  
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Fig.4.6: effect of temperature at a high neopentanol/epoxide molar ratio. Reaction time=17 h, 
neopentanol/epoxide=20 (molar), epoxide/Amb.15 = 10 (mass), 13,2 wt% toluene. Experiments 
LRL36, LRL37 and LRL38 
 
The low reaction rates of the latter experiments must be a consequence of a very 
high dilution of the epoxide. For the addition of methanol to the epoxide it was 
demonstrated that the reaction is highly dependent on the concentration of both 
reactants. Accordingly, alcohol/epoxide molar ratios lower than 20 and temperatures 
in the range 50-70°C were explored. Neopentanol/epoxide molar ratios of 5, 10 and 
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15 were studied at 50 and 60°C. Results of these experiments are summarized in 
tables 4.1 and 4.2.  
 
 
Table 4.1: effect of neopentanol/epoxide ratio (intermediate range) using Amberlyst15 
Neopentanol/epoxide (mol/mol) 
5 10 15 
 
Temperature 
(°C) θ100 (h) Selectivity θ100 (h) Selectivity θ100 (h) Selectivity 
 
50 
60 
 
100 
120 
 
97 
65 
 
100 
37 
 
92 
87 
 
130 
52 
 
82 
93 
θ100 is the time required for 100% conversion 
 
 
From these tables it is concluded that the hydroxy-ether selectivity is a non-linear 
function of reactants concentration, catalyst acid strength and reaction time, as 
shown in figure 4.7. Within the experiments shown in tables 4.1. and 4.2. the best 
conditions, in terms of hydroxy-ether selectivity, are highlighted.  
 
 
Table 4.2: effect of neopentanol/epoxide ratio (intermediate range) using SAC13 
      θ100 is the time required for 100% conversion 
Neopentanol/epoxide (mol/mol) 
5 10 15 
 
Temperature 
(°C) θ100 (h) Selectivity θ100 (h) Selectivity θ100 (h) Selectivity 
 
50 
60 
 
3 
1,9 
 
74 
82 
 
4,7 
4 
 
83 
83 
 
5,3 
4 
 
92 
81 
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Figure 4.7: hydroxy-ether yield as a function of alcohol/epoxide ratio and time. Cat. Amberlyst15, 
60°C. Experiments LRL70-89 
 
Perhaps the most important results from the experiments of methanol and 
neopentanol addition are the establishment of the reaction pathway (shown in 
scheme 4.1), i.e. reactions than can take place, and the identification of the main 
variables affecting the reaction rate and the products distribution. One important 
remark is that, to the best of the knowledge of this author, the formation of the ketone 
from epoxidized vegetable oils has not been considered neither reported. This fact 
has led the wrong explanation of some published results. 
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Scheme 4.1: reaction system for the reaction of alcohols with epoxidized methyl oleate 
 
 
4.1.2. Effect of different catalysts 
 
Previously it was established that the acid strength is an important factor for these 
reactions. Nafion/silica composite is very active for the methanol addition but due to 
its considerable higher acid strength the selectivity is decreased through the 
formation of the ketone in a parallel reaction. Taking into account the large variety of 
heterogeneous acid catalysts, in this part of the research the influence of some 
representative acid solids was studied. Therefore, the catalytic performances of 
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sulfonated polystyrene resins with different cross-linking degree, synthetic zeolite Y, 
natural clays K10 and KSF/0 as well as alumina were evaluated. Isobutanol was 
selective as the alcohol used in these reactions, because it is a good representative 
of all the alcohols studied here; it is branched in β position and an intermediate 
molecular weight.  
 
Such a comparative study only makes sense when the properties, those relevant to 
this system, of these catalysts are known. Table 4.3 summarizes some of the 
catalysts properties. 
 
Table 4.3: Catalysts characteristics 
Catalyst Description Chemical 
composition 
Acidity type
B=Brönsted 
L=Lewis 
Brönsted 
acid 
amount 
(meq/g) 
BET 
surface 
area 
(m2/g) 
Porosity 
mic=microporous 
mes=mesoporous 
mac=macroporous 
Average 
meso-macro 
pore diameter
(Å) 
Amberlyst15 macroreticular 
resin 
Copolymer 
styrene + 20% 
divinylbenzene 
B 4,72 51 mes + mac 400-800 
Amberlite 
IR-120 
microreticular 
resin 
Copolymer 
styrene + 8% 
divinylbenzene 
B 4,5 gel 
(swells)
mes + mac doesn’t apply 
Dowex50X2 microreticular 
resin 
Copolymer 
styrene + 2% 
divinylbenzene 
B 4,3 gel 
(swells)
mes + mac doesn’t  apply 
K10 clay 
(montmorillonite) 
lamellar 
aluminosilicate 
B + L 0,17 200 mes + mac 52,4 
KSF/0 clay 
(montmorillonite) 
lamellar 
aluminosilicate 
B + L 1,6 175 mes + mac 74,8 
RY1 Y zeolite cristalline 
aluminosilicate 
B + L 0,9 702 mic 88,8 
RY4 dealuminated Y 
zeolite 
(steamed RY1) 
cristalline 
aluminosilicate 
B + L 0,39 530 mic + mes 98,3 
γ-Alumina  amorphous 
aluminium 
oxide 
B + L ? 221 mes + mac 71,7 
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The amount of Brönsted acid sites was determined by analyzing the HCl amount in 
the aqueous phase left after the ion exchange of the material with NaCl. The BET 
surface area, the porosity type and the average macro-meso pores diameter were 
measured by N2 adsorption and using the BJH model for the pore size distribution. 
 
4.1.2.1. Addition catalyzed by acidic resins 
 
Three resins based on sulfonated polystyrene with different cross-linking degree, i.e. 
different divinylbenzene (DVB) content, were evaluated. The chemical structure of 
these resins was already presented in table 3.2 and their main characteristics were 
disclosed in table 4.3. Figure 4.8 shows the results obtained with these resins on the 
alcoholysis on epoxidized high oleic methyl oleate with isobutanol. 
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Figure 4.8: influence of the resin cross-linking and structure on the addition of isobutanol to epoxidized 
high oleic methyl oleate. Isobutanol/epoxide=10 mol/mol, epoxide/catalyst=10 g/g, temp.=40°C. 
Selectivity > 98% in all the cases. Experiments LRL189, LRL190 and LRL258 
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There are two interesting issues to discuss here (a) with the microreticular resins, i.e. 
those in gel form, increasing the cross-linking reduces dramatically the activity and 
(b) the macroreticular resin is active even having a higher cross-linking than the most 
cross-linked microreticular one. These two facts are accurately explained in terms of 
active site accessibility. An increase in the divinylbenzene content diminishes the 
swelling property of the resin and therefore, the resin is unable to accommodate 
bulkier substrates such as oleic acid methyl ester epoxide. It is interesting to recall 
that this property is exactly the one that makes possible the epoxidation of methyl 
oleate with the high cross linked and microreticular Amberlite IR-120 (8% DVB), as it 
was discussed in section 3.2.1. This high cross linking avoids the contact of the bulky 
epoxide with the acid sites inside the resin and the acid catalyzed epoxide hydrolysis 
does not take place. Now the same property is denying the use of this resin for the 
epoxide alcoholysis. The macroreticular resin is active thanks to the relatively high 
external surface area (see table 4.3); the protons located there are those catalyzing 
the alcoholysis. 
 
 
 
4.1.2.2. Addition catalyzed by aluminosilicates 
   
Crystalline and amorphous aluminosilicates were studied, i.e. Y zeolite and clays of 
the montmorillonite type. First the activity of a commercial Y zeolite was explored, 
being aware of the impossibility of the bulky methyl oleate epoxide to fit the pores of 
this zeolite ( 7.4 Å), but expecting to find some activity provided by the external 
surface. Trying to increase the accessibility of the substrate to the acid sites, a 
second Y zeolite where mesopores were created by a standard steaming procedure 
was also applied. 
 
The steaming procedure consisted of flowing a stream of H2O/N2 through a deep bed 
of the NH4-zeolite during 3 h at 850° C. Afterwards, the material was treated with 0.1 
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M HCl to remove the extra-framework Al species produced during the steaming. 
Then the material was dried and calcined at 550° C to produce the final catalyst. The 
success of the steaming treatment was confirmed by the analysis of N2 adsorption, 
powder XRD, 29Si and 27Al MAS-NMR as well as FT-IR and ICP-AES discussed next. 
 
XRD patterns showed in figure 4.9 indicate that the zeolite structure was kept after 
the steaming and acid extraction procedures. 
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Figure 4.9: XRD patterns of the parent Y zeolite the steamed material after the acid extraction 
 
 
Figure 4.10 shows the infrared spectra of the parent Y zeolite material compared to 
those of the steamed material before and after the acid extraction. The observed shift 
to higher wave numbers of the band at 1000-1080 (indicated by the vertical line 
crossing the figure) has been associated to the removal of framework aluminum180 
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and the data were correlated with the next empirical equation that allows the 
calculation of the Si/Al molar ratio in the framework: 
 
 
Si/Al = 1/(4,425-4,054E-3 υ1) – 1 
 
 
Where υ1 is the exact wave number of the band due to the asymmetric internal 
stretching vibration of the TO4 unit (band between 1000-1080 cm-1). Using this 
equation the Si/Al ratio of the parent Y zeolite is 4,9 compared to a Si/Al ratio of 11,6 
in the steamed Y zeolite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: FT-IR spectra of the parent Y zeolite material comparedto those of the steamed material 
before and after the acid extraction. 
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NMR is a more powerful technique to check the dealumination of the zeolite. Figure 
4.11 shows the 27Al MAS NMR spectra of the parent Y zeolite, the steamed zeolite 
and the acid extracted one. The intense band at 61,6 pmm corresponds to framework 
aluminum atoms, the signal around 0 ppm is caused by non-framework aluminum 
species and the broad signal at 30-50 ppm is caused by non-framework aluminum 
species in a disturbed tetrahedral or pentahedral coordination.. The latter species 
were clearly formed during the steaming and remains after the acid treatment, 
therefore those species must be entrapped in very inaccessible cavities167.  29Si MAS 
NMR of the same materials is presented in figure 4.12.  Here the modification caused 
by the steaming is more evident. A sharp decrease in the signals at –101 and –95 
ppm, signals of the framework units Si(1Al) and Si(2Al) respectively, is observed. 
Deconvolution of the 29Si NMR spectra enables the calculation of the Si/Al molar ratio 
in the framework167. After such a deconvolution the calculated Si/Al ratios were 4,3 
for the parent Y zeolite and 9 for the steamed Y zeolite. These numbers correlates 
quite well with those calculated previuosly based on the infrared signals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11: 27Al MAS NMR spectra of the parent Y zeolite material compared 
to those of the steamed material before and after the acid extraction 
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Figure 4.12: 29Si MAS NMR spectra of the parent Y zeolite material compared 
to those of the steamed material before and after the acid extraction 
 
FT-IR and NMR analysis prove the removal of framework aluminum, which generates 
defects in the framework that can lead to mesopores. The crucial test to prove the 
formation of meso-macro pores, qualitatively and quantitavely, is the analysis BET of 
the N2 adsorption isotherm, which is presented in figure 4.13. 
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Figure 4.13: nitrogen adsorption isotherms of the parent Y zeolite and  steamed Y zeolite 
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The decrease in the amount of adsorbed nitrogen (indicated by the lower position of 
the isotherm) is a strong evidence of the destruction of micropores, which have a 
high contribution on the total nitrogen uptake. From the BET analysis of the 
isotherms, presented in table 4.4, it is observed that the total micropore volume 
decreased with the respective increase in the mesopore volume and the average 
mesopore diameter was enhanced.   
 
Table 4.4: BET analysis of the Y zeolite materials 
Material Micropore volume 
(cm3/g) 
Mesopore volume 
(cm3/g) 
Average pore diameter 
(Å) 
 
Parent Y zeolite 
 
Steamed and acid 
extracted Y zeolite 
 
0,31 
 
0,22 
 
0,08 
 
0,15 
 
88,8 
 
98,3 
 
 
Summarizing, all the analysis carried out sufficiently demonstrate the formation of 
mesopores in the Y zeolite after the steaming process, via the removal of framework 
aluminum atoms, preserving the crystalline structure.  
  
A comparison of the catalytic activity of the two zeolitic materials is presented in 
figure 4.14.  The parent Y zeolite is active for the epoxide alcoholysis but the activity 
is rather low. This low activity is a consequence of the impossibility of the bulky 
substrate (c.a. 10Å) to penetrate in the relatively small pores ( 7.4 Å) of Y zeolite. The 
observed activity must be due to the acid sites present on the external surface of the 
crystallites. The catalytic test with steamed Y zeolite shows a ca. two-fold increase in 
the catalytic activity. However, the activity is still low compared to that of the resins. 
Besides, the use of a zeolite for this reaction seems to be not appropriated for 
industrial application for economical considerations, but provides interesting scientific 
information and opens up the likelihood to study cheaper alumino-silicates.  
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Figure 4.14: Activity of Y zeolite on the addition of isobutanol to epoxidized high oleic methyl oleate. 
Isobutanol/epoxide=10 mol/mol, epoxide/catalyst=10 g/g, temp.=40°C. Selectivity > 98% in all the 
cases. Experiments LRL204-205. 
 
The interesting results obtained with the Y zeolite showed that aluminosilicates are 
also active to catalyze epoxide alcoholysis. To improve the low activity observed with 
Y zeolite, aluminosilicates with higher external surface area and porosity were 
evaluated. Specifically two commercial aluminosilicates, K10 and KSF/0, were used. 
 
Some of the properties of used clays, i.e. K10 and KSF/0 are listed in table 4.2, in 
addition, their chemical composition in presented in table 4.5. Figure 4.15 shows the 
catalytic results obtained with the two clays considered. 
 
Table 4.5: chemical composition  (in wt.%)of the clays K10 and KSF/0 
Clay SiO2 Al2O3 Fe2O3 MgO Na2O CaO K2O TiO2 MnO 
K10 
KSF/0 
73 
64 
14 
18 
3,2 
5,5 
1,3 
2,9 
3,9 
3,6 
0,2 
0,5 
1,8 
0,4 
0,5 
0,4 
0,14 
0,17 
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Figure 4.15: Activity of clays on the addition of isobutanol to epoxidized high oleic methyl oleate. 
Isobutanol/epoxide=10 mol/mol, epoxide/catalyst=10 g/g, temp.=40°C. Selectivity > 98%. Experiments 
LRL196-197. 
 
The higher activity of K10 compared to KSF/0 can not be explained in terms of their 
chemical composition, which is quite similar, nor their surface area. If the activity is 
calculated per unit of surface area K10 is better than KSF/0. For instance, at 4 h of 
reaction the activity per unit of surface area of K10 is 0,51 (grams of product/m2) and 
for KSF/0 is 0,32 (grams of product/m2). On the other hand, KSF/0 has a higher acid 
amount than K10, but the results suggest that the activity is not linked to this 
property. Therefore a deeper inspection in their chemical structure has to be done to 
understand the activity order.  
 
Figure 4.16 and 4.17 show the 29Si MAS NMR and 27Al MAS NMR spectra, 
respectively, of the clays K10 and KSF/0. It is observed that the SiO2 environment of 
the tetrahedral silicon layers is distorted by the insertion of other metals, most likely 
Al3+, indicated by the signals at –104 (Si[1Al]), -94 (Si[2Al]) and –86 (Si[3Al]) ppm. 
This distortion is higher in the case of the clay K10. Incorporation of trivalent metals 
 - 102 -
Nucleophilic addition of alcohols to epoxidized vegetable oils                  Chapter 4 
___________________________________________________________________________ 
 
 
in the SiO2 layers leads to the formation of negative charges and therefore,  Brönsted 
acids when these charges are compensated by H+. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16: 29Si MAS NMR spectra of the clays K10 and KSF/0. * side bands 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17: 27Al MAS NMR spectra of the clays K10 and KSF/0. * side bands 
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The signal at 0 - 3,2- ppm in the 27Al MAS NMR spectra is most intense one. This 
signal is produced by the six-coordinated Al atoms located in the octahedral alumina 
layers of the clay. The signals at 58,6 and 70,6 are produced by the four-coordinated 
Al atoms in the tetrahedral SiO2 layers. The relative intensity of these signals 
indicates that in both clays the Al atoms are mainly located in the octahedral layers. 
 
Both 29Si MAS NMR and 27Al MAS NMR spectra show that the clay K10 has more of 
the Brönsted sites generated by incorporation of Al atoms in the tetrahedral SiO2 
layers than the clay KSF/0. Experimental determination of the acid strength of the  
Brönsted sites generated by Al3+ substitution in the SiO2 layers and M2+ (M= Fe or 
Mg) substitution in Al2O3 layers is not possible, since conventional methods such as 
infrared spectroscopy of adsorbed bases like pyridine would not allow specific 
assignation of the observed signals to any  of the two sites. However, based on the 
Sanderson electronegativity, it is expected that protons linked to a Si-Al structure are 
more acidic than those linked to a Al-Fe or Al-Mg structure because Si is the most 
electronegative of these elements181. Accordingly, Brönsted acid sites in K10 should 
be stronger acids than Brönsted acid sites in KSF/0 and this issue finally explains the 
superior activity of the clay K10. 
 
   
As a summary of this section, a comparison of all the previous catalysts, i.e. resins, 
zeolites and clays, is presented in figure. 4.18. At this point it is necessary to mention 
that γ-alumina did not show activity for the addition of isobutanol to epoxidized high 
oleic methyl oleate at all, indicating that Lewis acid sites do not catalyze this reaction. 
The performance of the clay K10 in comparison to the others catalysts is outstanding. 
This superiority is the result of a high acid site accessibility provided by the open high 
surface area combined with the relatively high amount and strength of Brönsted acid 
sites. 
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Figure 4.18: comparison of the best catalysts for the addition of isobutanol to epoxidized high oleic 
methyl oleate. Isobutanol/epoxide=10 mol/mol, epoxide/catalyst=10 g/g, temp.=40°C. Selectivity > 
98% in all the cases. Experiments LRL189, 190, 258, 205, 204, 196 and 197. 
 
 
 
4.1.3. Addition of alcohols with different structures 
 
4.1.3.1. Optimal condition for the addition of alcohols to technical  
methyl oleate 
 
One of the main objectives of this research was to find out the reaction conditions 
that allow the addition of different alcohols to the epoxidized vegetable oils 
maximizing both selectivity and yield of the addition product, i.e. the hydroxy-ether, 
and under optimal reaction conditions. Optimal reactions conditions means 
temperatures close to room temperature, atmospheric pressure, avoidance of 
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solvents or use of “green” solvents if a solvent is required, use of stable and relatively 
cheap heterogeneous catalysts and low reaction times to obtain high yields. These 
reaction conditions are necessary to undertake the production of the addition 
products in bench and pilot plant to produce them in the larger amounts required to 
perform the lubricant, biodegradability and toxicity tests. The strategy used to find 
these “optimal” reaction conditions was not a statistical one because, apart from 
being far from the scope of this thesis, such a statistical approach is only worth for 
those products that will show interesting lubricant properties, and this work is going to 
be carried out be other project partners. Figure 4.19 shows the best results obtained 
for the addition of several alcohols under the conditions disclosed in the table. 
 
Reaction conditions 
Alcohol Temperature 
(°C) 
Alcohol/epoxide 
(mol/mol) 
Catalyst*/epoxide
(g/g) 
Reaction time 
(h) 
 
Methanol 
Butanol 
Pentanol 
Isobutanol 
Neopentanol 
Tert-butanol 
 
60 
60 
60 
60 
60 
60 
 
1 
10 
10 
10 
15 
15 
 
0,1 
0,1 
0,1 
0,1 
0,1 
0,1 
 
1 
24 
24 
37 
52 
48 
* Amberlyst15 
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Figure 4.19: best results obtained for the addition of alcohols to epoxidized methyl oleate under    
various reaction conditions to maximize yield 
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It is observed that when the branching of the alcohol structure approaches the 
reactive hydroxyl group, as in neopentanol and tert-butanol,  the reaction turns to be 
more difficult; longer reaction times and higher alcohol/epoxide ratios are required to 
improve the selectivity. Nevertheless, with these two α- and β-branched alcohols it 
was not possible to improve the selectivity that is shown in the figure. With less 
complex alcohols it was possible to obtain 100% selectivity at 100% conversion. 
 
 
4.2.3.2. Intrinsic effect of the alcohol structure 
 
In order to truly compare the effect of the alcohol structure on the reaction rate and 
selectivity, the reactions have to be carried out under the same reaction conditions, 
therefore a set of experiments had to be done to determine the best conditions to 
perform the most difficult reaction. Once those conditions were known this 
comparison could be done. The most difficult reaction was the addition of 
neopentanol. The reasons for this higher difficulty are the steric hindrance imposed 
by the branches in β position and the fact that the melting point of this alcohols is 
relatively high (52°C). At the temperature required to avoid the epoxide 
rearrangement to the ketone, neopentanol was solid, therefore a solvent was 
necessary.  
 
Other alcohols having the neopentyl structure, which was already mentioned in the 
introduction of this chapter as one important target of this research, were included in 
this comparison. Since the they were not available in the market, it was necessary to 
produce them in our laboratory. 3-benzyloxy-2,2-dimethylpropanol and 3-(2’-ethyl)-
butyloxy-2,2-dimethylpropanol were produce following the procedure described in a 
patent182. The starting materials for this procedure were the dioxanes produced from 
the reaction of an aldehyde and neopentylglycol183. Results and experimental 
condition for the production of these two neoalcohols are presented in table 4.12. 
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Table 4.12: production of neoalcohols. T=190°C, P=100 bars (pure H2), time=20 h,  
catalyst= 2,5 wt. % copper chromite 
Starting 
dioxane 
Product Conversion 
(%) 
Selectivity 
(%) 
Product 
yield* 
(grams) 
2-benzyl-5,5-
dimethyl-1,3-
dioxane 
3-benzyloxy-2,2-
dimethylpropanol 
90 90 20 
2-(ethyl)-propyl-
5,5-dimethyl-1,3-
dioxane 
3-(2’-ethyl)-
butyloxy-2,2-
dimethylpropanol 
14 94 1 
* purified by high-vacuum distillation  
 
 
Figure 4.20 shows the addition of different alcohol structures to epoxidized high oleic 
ethyl oleate under experimental condition were the formation of the ketones was 
avoided. 
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Figure 4.20: effect of alcohol structure on epoxide alcoholysis rate. Alcohol/epoxide=5 mol/mol, 
toluene/epoxide=2 g/g, epoxide/Amberlyst15=2.5 g/g, temp.=24°C. Hydroxy-ether selectivity > 98%. 
Experiments LRL159, 163, 166-173. 
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From this figure it is concluded that the structure of the alcohol plays an important 
role on the reaction rate. Reaction rates are in the order: 
 
 linear >    β-branched   >   α-branched   > β-branched alcohol     
 alcohol        alcohol                alcohol             with bulky substituents 
 
Within each of the previous families, the reaction rate decreases with the number of 
branches and with their size. 
 
 
4.2. Conclusions 
 
The hydroxy-ether yield in the epoxide-alcoholysis reactions is a complex function of 
reactants concentration, catalyst properties and temperature, since the kinetic 
pathway changes upon the relative values of these parameters. Two parallel 
reactions (epoxide-alcoholysis and epoxide rearrangement) plus two consecutive 
ones (transesterification of epoxide alcoholysis product and the ketone) were identify 
in this reaction system (figure 4.2). The selective production of one of the products of 
these reactions can be obtained tuning the reaction parameters afore mentioned. 
The formation of the di-ether was not detected in any of the experiments carried out. 
Experiments trying to perform this reaction, using homogeneous and heterogeneous 
acid catalysts, temperatures from room to 150°C and alcohols like methanol and 
isobutanol, were not successful.  
 
There are several suitable catalysts to perform the addition of alcohols to epoxidized 
vegetable oils, but they have to overcome a major constraint: due to the large 
molecular size of vegetable oils the catalyst must provide enough accessibility to the 
active sites. When the catalyst is based on acidic resins, the resin must have a low 
cross-linking degree and/or high external surface area. Regarding the acid strength, 
highly acidic catalysts like Nafion/SiO2 tend to decrease the selectivity because the 
parallel epoxide rearrangement reaction occurs to a larger extension than with 
weaker acids. 
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Aluminosilicates can also be used as catalysts. When a zeolite is used, it must have 
a high external surface area because there is where the reaction occurs. The pore-
openings of zeolites are too small to let bulky molecules like methyl oleate getting in 
the zeolitic cavities. High external surface areas in zeolites can be achieved by 
steaming procedures that destroy micropores via Al atoms removal from the 
framework, generating meso-macro pores, and/or by decreasing the crystallite size of 
the zeolite. 
 
Aluminosilicates in lamellar form  like clays of the type smectite showed to be the 
most active catalysts for the epoxide alcoholysis. Clays with a higher degree of Al3+ 
substitution for Si4+ in the SiO2 layers proved to be superior to those with a higher 
degree of Fe2+ or Mg2+ substitution for Al3+ in the Al2O3 layers. Analysis suggests that 
this better performance is due to a higher acid strength present in the former clays. 
 
Regarding the influence of the alcohol molecular structure, results proved a strong 
steric hindrance effect. Increasing the alcohol molecular size decreases the reaction 
rate. Even higher steric hindrance is introduced when the alcohol bears branches in 
α or β position. 
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5. EPOXIDE REARRANGEMENT 
 
5.1. Results and discussion 
 
In chapter 4 it was already mentioned that one of the by-products obtained 
both during the epoxidation of methyl oleate and the epoxide alcoholysis reactions is 
the ketone, which is produced via the epoxide rearrangement reaction (see scheme 
4.1). This chapter is devoted to this reaction, the main variables affecting the ketone 
formation will be disclosed leading to a general method to quantitavely produce it. 
Although epoxides rearrangement is a well known reaction which has been used to 
obtain important commercial products like phenylacetaldehydes, methyl isopropyl 
ketone and campholenic aldehyde from the respective epoxides and using 
heterogeneous catalysts such as acidic zeolites184, it has not been reported to occur 
in reactions involving epoxidized vegetable oils, not as a main reaction pathway 
neither as by-product formation route. The disclosure of the rearrangement of 
epoxidized vegetable oils is a very important issue that will help to better understand  
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previous and future experimental results on reactions dealing with these epoxides. 
Additionally, for the SFB 442 this reaction is also interesting because it leads to the 
elimination of the unsaturation and therefore to a likely improved oxidation stability of 
the lubricants based on vegetable oils. 
 
The experiments on epoxidized methyl oleate rearrangement were carried out to 
analyze the effect of catalyst acid strength, reaction temperature and solvent on the 
epoxide conversion and ketone yield. Figure 5.1 shows the results with the first  
variable, i.e. catalyst acid strength.  
 
 
 
0
10
20
30
40
50
60
70
80
90
100
0 40 80 120 160 200 240 280 320 360
Time (min)
Ep
ox
id
e 
co
nv
er
si
on
 (%
)
SAC13
Amberlyst15
Selectivity to ketone > 99% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: effect of the catalyst acid strength on the ketone formation rate from epoxidized methyl 
oleate. Epoxide/catalyst = 10 g/g, temperature = 70°C. Experiments LRL86 and LRL94. 
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The strongest acid catalyst SAC13 (13% Nafion® entrapped in silica) is quite better 
than the less acidic Amberlyst15 for the ketone production. At 70°C, ca. 3.5 hours are 
required for complete epoxide conversion on SAC13 while Amberlyst15 needs ca. 30 
hours to completely convert the epoxide at the same temperature.  
 
When different temperatures were studied, the results shown in figures 5.2 and 5.3 
were obtained for the epoxide rearrangement on Amberlyst15 and SAC13 
respectively. It is clear that temperature plays a crucial role on the ketone formation 
rate, which is favored by increasing the temperature. If the ketone formation is to be 
minimized then mildly acid catalyst, like Amberlyst15, and temperatures lower than 
70°C have to be used. When the catalyst is strongly acidic (SAC13) the ketone 
formation is appreciable even a temperatures as low as 50°C. 
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Fig. 5.2: effect of temperature on the ketone formation rate from epoxidized methyl oleate. 
Epoxide/catalyst = 10 g/g, catalyst Amberlyst15. Experiments LRL85, LRL86 and LRL87. 
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Fig. 5.3: effect of temperature on the ketone formation rate from epoxidized methyl oleate. 
Epoxide/catalyst = 10 g/g, catalyst SAC13. Experiments LRL93, LRL94 and LRL95. 
 
 
The influence of different solvents on the epoxide rearrangement reaction was 
determined. For these studies the solvents used were tert-butanol and neopentanol 
(polar-protic), nitrobenzene and sulfolane (polar-aprotic), toluene (slightly polar) and 
cyclo-hexane (apolar). Tert-butanol and neopentanol were chosen because they 
probed to be the less reactive alcohols in the epoxide ring-opening reaction. Results 
are shown in figures 5.4 and 5.5. 
 
 
In the presence of apolar and slightly polar solvents (cyclo-hexane and toluene) the 
formation rate of the ketone is decreased, probably as a consequence of the dilution.  
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Polar-aprotic solvents (sulfolane and nitrobenzene) completely inhibit the ketone 
formation. One possible explanation is that these solvents are also slightly basic and 
can deactivate the acid sites that catalyze the rearrangement. The reaction rate 
showed to be enhanced by the presence of polar- protic solvents (tert-butanol and 
neopentanol) but in this case the main product obtained is the hydroxy-ether. After 
ca. 22 hours of reaction in presence of tert-butanol, the ketone yield began to 
decrease due to the formation of the trans-esterified product in a consecutive 
reaction. 
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Fig. 5.4: effect of solvents on the conversion of epoxidized methyl oleate. Epoxide/catalyst = 10 g/g, 
catalyst Amberlyst 15. Solvent/epoxide = 2 g/g. Temperature = 70°C. Experiments LRL86, LRL90a, 
LRL90b, LRL91 and LRL92. 
 
Regarding the mechanism for the epoxide rearrangement, experiments showed that 
it is not taken place via a pinacol-like rearrangement because the reactions starting 
with the glycol (produced after hydrolysis of the epoxidized methyl oleate) did not  
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Fig. 5.5: effect of solvents on the ketone formation from epoxidized methyl oleate. Epoxide/catalyst = 
10 g/g, catalyst Amberlyst 15. Solvent/epoxide = 2 g/g. Temperature = 70°C. Experiments LRL86, 
LRL90a, LRL90b, LRL91 and LRL92. 
 
 
show formation of ketone at all. Additionally, no glycol was detected during the 
experiments of epoxide rearrangement. Instead, a pathway involving two distinct 
steps is proposed. The first step is the acid catalyzed rupture of the oxirane ring to 
produce a carbocation and the second step is a hydride migration as shown in 
scheme 5.1. Such as mechanism has been already proposed for the rearrangement 
of propene oxide and supported by high level ab initio calculations185,186.  
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Scheme 5.1: epoxide rearrangement 
 
 
 
 
5.2. Conclusions 
 
• Formation of ketone from the rearrangement of epoxidized methyl oleate is 
favored in the presence of strongly acidic catalysts like SAC13 and enhanced by 
increasing temperature. 
• Polar-protic solvents increase the ketone yield but decrease the ketone selectivity 
because they are added to the epoxide ring. 
• The mechanism for the epoxide rearrangement is very likely to take place through 
a hydride migration to the carbocation generated in the acid catalyzed epoxide 
ring opening and not through a pinacol-like rearrangement since no glycol was 
ever detected during the epoxide rearrangement experiments. 
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SUMMARY AND OUTLOOK 
 
Through out this thesis several examples on the chemical modification of vegetable 
oils via epoxidation and epoxide ring-opening reactions, using environmentally 
acceptable methods, were given. Catalytic results were correlated to the catalysts 
properties and special attention was put on the aspects that enable the 
industrialization of the proposed processes such as catalyst stability and availability 
as well as reaction conditions. 
 
For the epoxidation of vegetable oils with peracetic acid produced in the presence of 
acidic resins it was found out that the resin must have some specific properties to 
obtain the epoxide in good yield: high degree of cross-linking and low external 
surface area. The chemical explanation for this not previously reported fact was also 
discussed. 
 
One of the most important achievements was to realize that the formation of ketone 
from the epoxide rearrangement reaction is the main route that leads to by-products 
when reactions involving epoxidized vegetable oils are performed. Several 
publications have wrongly attributed the lower selectivity on reactions with epoxidized 
vegetable oils only to the glycol formation, not considering at all the formation of the 
ketone, which can be the main by-product. Studies done on the formation of ketone 
(chapter 5) showed that it is favored by strongly acidic catalysts and by high 
temperatures. The presence of apolar solvents decreases the ketone formation, 
polar-protic solvents react with the epoxide and polar-aprotic solvents suppress this 
reaction. Epoxide rearrangement experiments also showed that this reaction does 
not occur via a pinacol-like rearrangement, instead a intra-molecular hydride 
migration is proposed as intermediate step. 
 
It was proved that the use of molecular sieves as titanium support for the epoxidation 
of vegetable oils does not bring any other advantage than the high surface area. 
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Once this fact was recognized, a new epoxidation system was proposed: amorphous 
Ti-SiO2/TBHP. This catalyst showed similar activity to Ti-MCM-41 and could be 
further improved if the surface area were increased. It was also proved that for the 
vegetable oils epoxidation with Ti-SiO2 and Ti-MCM-41 high titanium dispersion 
renders the catalysts more active, which is in complete agreement with published 
information on epoxidation of other substrates with this type of catalysts. 
 
As a new contribution of this thesis, it was found that the use of apolar-aprotic 
solvents like n-hexane improves the activity of the systems Ti-SiO2/TBHP and Ti-
MCM-41/TBHP. This is in contrast to the epoxidations with Ti-silicalite (TS-1) and 
aqueous H2O2 where polar-protic solvents like alcohols are the best choice. 
 
Ti-SiO2 proved to be truly heterogeneous, indicated by the lack of Ti-leaching, and 
reusable for at least four times without appreciable loss of activity. 
 
Catalysts based on tungstenate anion/hydrotalcite-like materials showed a very high 
peroxide decomposition rate and very low epoxide yield. Therefore, its scope is 
limited to produce very special epoxides, which are difficult to be produced by other 
means. 
 
Regarding the epoxide ring–opening reactions with alcohols a lot of new information 
was produced. First of all, a new reaction system to perform this reaction under very 
mild reaction conditions (atmospheric pressure and temperatures lower than 70°C) 
using heterogeneous catalysts was developed. The method is a general one that 
allows the addition of less reactive alcohols such as those with the neo structure. The 
addition products yield, i.e. hydroxy-ether, showed to be a complex function of the 
alcohol/epoxide ratio, catalyst acid strength and time. This complexity is introduced 
by the presence of two parallel reactions (alcoholysis and epoxide rearrangement) 
and two consecutive ones (transesterifications) in the reaction system. 
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Several heterogeneous catalysts were studied for the epoxide alcoholysis, including 
resins, crystalline and amorphous aluminosilicates. Using highly acidic catalysts like 
Nafion/SiO2 is advantageous just when small and linear alcohols like methanol are to 
be added. Higher reaction rates were obtained amid the higher acid strength of this 
material compared to others like sulfonated polystyrene resins. For bulkier alcohols 
highly acid catalysts lead to a decrease in selectivity because the quickly protonated 
epoxide rearranges faster than it reacts with the alcohols as a consequence of steric 
constraints imposed by the alcohol. 
 
Crystalline aluminosilicates like Y zeolite showed very low activity for the epoxide 
alcoholysis because the most of the acidic sites are within the framework structure, 
which is not accessible to the epoxidized oils due to the narrow pore opening, 
compared to the relatively large molecular size of the epoxide. 
 
Lamellar aluminosilicates of the montmorillonite type showed to be the best catalysts 
for the epoxide alcoholysis, especially those with a higher amount of Brönsted sites 
in the silicate layers. The better activity of these materials is a result of the enhanced 
Brönsted-acid site accessibility that the open structure offers. Additionally to its 
higher activity, these catalysts are especially attractive because of their relatively low 
market price. 
 
The effect of the alcohol molecular structure on the epoxide alcoholysis rate was 
determined. In this regard, the reaction rate and the selectivity are tremendously 
affected by the alcohol structure. Increasing the alcohol branching degree and/or its 
molecular size leads to lower reaction rates and lower selectivities. Decreasing 
temperature and increasing the alcohol/epoxide ratio can improve the selectivity but 
these two changes turn into even lower reaction rates. 
 
The work here reported provides the chemical basis to modify vegetables oils by 
addition of alcohols to the epoxidized oils. Other very important aspects related to the 
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scaling-up of the reactions have to be studied in the next logical step that is currently 
being undertaken.  
 
Besides the scaling-up studies, the following is proposed as  future work: 
 
• Analyse mixtures with different concentrations of alcohol-addition product and 
starting oils to determine the optimal composition that improves the oxidation 
stability without greatly affecting other important lubricant properties such as the 
pour point. It is expected that some of the alcohol-addition products will have a 
higher pour point because the poly-unsaturation is removed. 
 
• Compare the oxidation and hydrolitic stability of the best previous mixtures related 
to those of the initial oils and mineral oil-based lubricants, when additives are 
present in different amounts. It is expected that the new lubricants will perform 
better and will require less amount of additives, if any. 
 
• To improve the hydrolytic stability it is necessary to perform the trans-
esterification of the alcohol-addition products with suitable polyols like tri-
methylolpropane  and pentaerythritol which is an already  known and used 
technology for this improvement. 
 
• Because of the commercial importance of epoxidized vegetable oils, it is 
necessary to evaluate the environmentally benign epoxidation process with Ti-
SiO2 and tert-butylhydroperoxide in bench-scale to determine its economical and 
technical feasibility. For this purpose,  the catalyst long-term stability and 
regenerability must be determined. 
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 EXPERIMENTAL 
 
1. Reactions 
 
1.1. Catalysts synthesis 
 
Ti-MCM-41 was prepared as follows: 2,7 g silica Aerosil were carefully mixed with 
142.17 g H2O, then 16,56 g  tetradecyltrimethylammonium bromide (Fluka) were 
added and the mixture was  stirred avoiding excessive foaming. 25,68 g 
tetraethylammonium hydroxide (Fluka, ca. 40 wt% in water) were added plus 0,81 g 
of (NH4)3[TiO2F5] (homemade). The mixture was stirred 1 h. Ultimately, 11,75 g silica 
Aerosil were added and the mixture was further stirred 5 h. After this stirring period 
the gel was placed in a Teflon-lined autoclave and allow to crystallize at 100°C 
during 7 days. Once the crystallization was over, the solid was filtered and washed 
three times with water, then it was let to dry at room temperature overnight before 
being calcined. Calcination was first dome under nitrogen atmosphere with the next 
temperature program: room to 120°C, 2 h at 120°C, 120°C to 540°C,  6 h at 540°C, 
540°C to 200°C. Heating rate was 1°C/min. The same calcination program was 
repeated under air. Catalyst were evacuated over nigh at 120°C and high vacuum 
and stored under argon in Schlenk tubes before their use. Ti-MCM-41 materials with 
different Ti content were prepared with the same procedure but changing (reducing) 
the amount of  (NH4)3[TiO2F5]. 
 
Amorphous Ti-SiO2 materials were also prepared by this procedure but without 
addition of tetradecyltrimethylammonium bromide. 
 
1.2. Epoxidation reactions 
 
Epoxidations were carried out in two-neck round-bottom flasks placed in an oil bath 
that was kept at the desired temperature. Stirring was done using Teflon-lined 
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magnetic crosses, but for larger scale reactions an impeller moved by an electrical 
engine was used. For the production of large amounts of epoxides a 1 L reactor was 
used and the hydroperoxide was dossified with a membrane pump over a period of 
six hours. Specific details of the carried out epoxidations are given next. 
 
- Epoxidation with peracetic acid catalyzed by sulfuric acid: 10 g  methyl oleate 
(Fuchs Petrolub, Mannheim) were mixed with 0,84 g  acetic acid and 2,5 g toluene as 
solvent. This mixture was heated up to 56°C. Separately 5,78 g H2O2 (35% aqueous) 
were mixed with 0,055 g concentrated sulfuric acid, this solution was added drop 
wise to the mixture containing the oleate. The temperature was kept constant at 56°C 
and a vigorous stirring was maintained. After 24 h of reaction the aqueous and 
organic phases were separated by sedimentation. To neutralize the residual H2SO4 
0,01 g of Ca(OH)2 were added to the organic phase. The mixture was washed three 
times with water, decantated  and the remaining water  removed by high vacuum 
evaporation. 
 
- Chemoenzymatic epoxidation: 2,35 g methyl oleat (Fuchs), 20 g toluene and 
0,2 g immobilized lipase (Novozym 435R) were mixed and stirred 15 min. Afterwards, 
1,46 g H2O2 (35%) were added drop wise over 6 h. After 23,5 h of reaction at room 
temperature the catalyst was removed by filtration and the reaction mixture was 
washed three times with water to remove the excess of H2O2. The water was 
removed by vacuum evaporation and the organic phase further  dried over Na2SO4.  
 
- Epoxidation with Ti-SiO2, Ti-MCM-41 and WO42-LDH catalysts: the oil and the 
solvent were mixed for 15 min. at the desired temperature, then the catalyst was 
added and the mixture stirred 15 min. more. Subsequently, the hydroperoxide was 
added at once. All the catalysts were evacuated at 120°C and high vacuum, and 
kept under argon before being used. 
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1.3. Addition of alcohols to epoxidized vegetable oils 
 
Alcohol, solvent and catalyst were mixed 15 min at the desired reaction temperature 
(for resins this mixing period was 30 min to assure complete resin swelling), then the 
epoxide was added at once. Stirring was done with Teflon-lined magnetic crosses 
and the reactors were placed in a heating oil that was kept at the desired reaction 
temperature. The reactors were 50 ml two-neck round-bottom flasks equipped with 
reflux condenser. 
 
1.4. Production of neoalcohols 
 
For the production of 3-benzyloxy-2,2-dimethylpropanol the following procedure was 
followed: 25 g of 2-benzyl-5,5-dimethyl-1,3-dioxane (homemade) were put into a 70 
ml evacuated autoclave containing 2,6 g of copper chromite (Südchemie) using the 
syringe-technique.  The autoclave was evacuated three times with intermediate 
Argon filling and left finally under vacuum before the injection of the dioxane. Copper 
chromite was previously di-hydrated overnight at 120° under high vacuum. 
Subsequently the autoclave was connected to a continuous flow of pure hydrogen at 
100 bars to keep a continuous H2 supply that allows almost complete dioxane 
conversion. The autoclave was place in a oil bath kept at 190°C. Stirring was done 
using a Teflon-lined magnetic cross. After 20 h the reaction was halted and the 
neoalcohol was purified by high vacuum distillation.  
 
For the production of 3-(2’-ethyl)-butyloxy-2,2-dimethylpropanol starting from 2-
(ethyl)-propyl-5,5-dimethyl-1,3-dioxane a similar procedure was followed but the yield 
was in this case very low due to double hydrogenation of the dioxane.  
 
1.5. Preparation of anhydrous tert-butyl hydroperoxide 
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Anhydrous tert-butyl hydroperoxide used for the epoxidations was prepared by 
mixing 14,29 g tert-butyl hydroperoxide (70 wt.% in water) with 30 g of the desired 
solvent (toluene, acetonitrile, tert-butanol or n-hexane) and 25 g dry molecular sieve 
UOP type 3A. This mixture was stored in the fridge for at least two days before being 
used. 
 
2. Analysis 
 
2.1. Analysis of reaction mixtures 
 
Reaction mixtures were analyzed by gas chromatography on a Hewlet Packard HP 
6890 using 60 m of  the slightly polar column FS-SE54 and an oven temperature 
program of . Retention times of products and reactants are shown in the next table. 
Substance Retention 
time (min) 
 
Hexadecanoic acid methyl ester 
cis-9-octadecenoic acid methyl ester 
Oxiraneoctanoic acid, 3-octyl-, methyl ester 
Octadecanoic acid, 9-oxo, methyl ester 
Octadecanoic acid, 9,10-dihydroxy-, methyl ester 
Octadecanoic acid, 9(10)-methyloxy-, 10(9)hydroxy-, methyl ester 
Octadecanoic acid, 9(10)-propyloxy-, 10(9)hydroxy-, methyl ester 
Octadecanoic acid, 9(10)-butyloxy-, 10(9)hydroxy-, methyl ester 
Octadecanoic acid, 9(10)-pentyloxy-, 10(9)hydroxy-, methyl ester 
Octadecanoic acid, 9(10)-isobutyloxy-, 10(9)hydroxy-, methyl ester 
Octadecanoic acid, 9(10)-neopentyloxy-, 10(9)hydroxy-, methyl ester 
Octadecanoic acid, 9(10)-isopropyloxy-, 10(9)hydroxy-, methyl ester 
Octadecanoic acid, 9(10)-tertbutyloxy-, 10(9)hydroxy-, methyl ester 
 
 
27 
31,6 
35,0 
35,3 
49,6 
37,9 
40,6 
43,4 
46,9 
41,7 
42,4 
39,1 
41,0 
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Hydroperoxides concentration was determined by iodometry as follows: in a 250 ml 
erlenmeyer flask equipped with gas inlet 25 ml of glacial acetic acid ad 0,25 g sample 
(an exactly known amount) are mixed under continuous nitrogen flow for 2 min. 2 ml 
of saturated aqueous solution of KI are added (this solution must be previously 
treated with sodium thiosulfate solution to remove the iodine formed by atmospheric 
oxygen). The flask is the closed and allowed to stay in the darkness for 15 min under 
minimal as possible agitation. After those 15 min., 25 ml of water are added and the 
mixture is rapidly titrated with  sodium thiosulfate 0,1 N solution until dissapearance 
of the yellow color. After reaching the final point, a few drops of the KI solution are 
added to check whether it was really in excess (the solution must not turn yellow or 
brown again). From the stoichiometry of the reactions two mole of  sodium thiosulfate 
correspond to one mole of hydroperoxide. 
 
2.2. Catalysts characterization 
 
XRD powder diffraction patterns were collected on a Siemens Diffractometer D5000 
equipped with a secondary monochromator, a variable diaphragm V 20 and a nickel 
filter using CuKα-radiation (wavelength 1,5406 Å). The angle spedd was 1,2°/min. 
 
Bulk elemental chemical analysis was done with Inductive Couple Plasme Atomic 
Emission Spectroscopy (ICP-AES) on a Spectroflame D (Spectro). Typically, 30 mg 
sample were dissolved in 500 µl 40% HF solution, 4 ml 1:4 H2SO4 solution and 45 ml 
H2O.  
 
FT-IR analysis was done on a Nicolet Protégé 460, equipped with Praying-Mantis 
unit model HVC-DRP (Harrick) with KBr windows. The spectra was taken at room 
temperature under dry air flow. 
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Diffuse Reflectance UV/Vis spectra were collected on a Lambda 7 (Perkin Elmer). 
Samples were not diluted. BaSO4 was used as reference. The recording speed was 
60 nm/min, the data interval 1,0 nm and the slit width 4,0 nm. 
 
Nitrogen adsorption-desorption  isotherms were measured on a Coulter Omnisorp 
multi-point sorption apparatus. Prior the measurements the samples were degassed 
4 h at 200°C and 10-2 Pa. 
 
Solid-state NMR analysis were done on a Bruker DSX500 spectrometer (Bruker 
Analytische Messtechnik GmbH) equipped with a wide-bore super-conducting 
magnet operating in a filed of 11,744 Tesla. The base frequencies for the examined 
nuclei were 130,41 MHz for 27Al and 99,43 MHz for 29Si. 
 
 
2.3.  Products characterization 
 
Pure products were characterized my GC-Mass Spectrometry ( GC Varian 3400 CX, 
MS Varian Saturn 3 at 70 eV and electron ionization), Infrared spectroscopy (Nicolet 
Protégé 460, NaCl windows) as well as 1H (300 MHz) and 13C NMR (75 MHz) with 
dept90 and  dept135 experiments. 
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 APPENDIX 
 
Chemical characterization of the products 
 
Products obtained from the addition of alcohols to oleic acid methyl ester were 
identified by 13C and 1H NMR, FT-IR and GC-MS. 
 
 
1. Nuclear Magnetic Resonance (NMR) 
 
Numbers in parenthesis correspond to group number in the molecule scheme. 
Analysis dept90 and dept135 were also done to verify the signals assignation. 
 
 
Oleic acid methyl ester 
 
H3CO C
H2
H2
C
C
H2
H2
C
HC CH
H2
C
C
H2
CH3
O
4 6
1        2      3    4 5 6 7 8 9 10 11  
 
1H NMR (300 MHz, CDCl3): δ  (ppm) = 5,36 (m, 7,8), 3,66 (s, 1), 2,3 (t, 3), 2,0 (m, 
6,9), 1,62 (m, 4), 1,30 (m, 5, 10), 0,89 (t, 11) 
 
13C NMR (75MHz, CDCl3): δ  (ppm) = 174,6 (2), 130,35-130,1 (7,8), 51,76 (1), 34,46 
(3), 32,3 (6), 30,16-29,48 (5,10), 27,6-27,54 (9), 25,33 (4), 14,48 (11) 
 
 
 
 - 128 -
 
Appendix  
___________________________________________________________________________ 
 
 
Oxiraneoctanoic acid, 3-octyl-, methyl ester 
 
H3CO C
H2
H2
C
C
H2
H2
C
CH CH
H2
C
C
H2
CH3
O
O
4 6
1        2      3   4 5 6 7 8 9 10 11  
 
1H NMR (300 MHz, CDCl3): δ  (ppm) = 3,61(s, 1), 2,86 (m, 7, 8), 2,26 (t, 3), 1,58 (m, 
4), 1,45  (m, 6,9), 1,28-1,21 (m, 5, 10), 0,83-0,81 (t, 11) 
 
13C NMR (75MHz, CDCl3): δ  (ppm) = 174,56 (2), 57,58-57,54 (7,8), 51,74 (1), 34,36 
(3), 32,2 (6), 30,04-29,36 (5,10), 28,15-28,11 (9), 25,23-25,06 (4), 14,42 (11) 
 
 
Octadecanoic acid, 9-oxo, methyl ester 
 
H3CO C
H2
H2
C
C
H2
H2
C
C CH2
H2
C
C
H2
CH3
O
O
4 6
1        2      3  4 5 6 7 8 9 10 11  
 
1H NMR (300 MHz, CDCl3): δ  (ppm) = 3,59 (s, 1), 2,33-2,8 (t, 6,8), 2,25-2,2 (t, 3), 
1,54-1,48 (m, 4), 1,19 (m, 5, 9,10), 0,83-0,78 (t, 11) 
 
13C NMR (75MHz, CDCl3): δ  (ppm) = 214 (7), 174,6 (2), 51,8 (1), 43,2 (6,8), 34,44 
(3), 32,25-32,2 (9), 30,07-29,32 (5,10), 25,28 (4), 14,48 (11) 
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Octadecanoic acid, 9(10)-methyloxy-, 10(9)hydroxy-, methyl ester 
 
H3CO C
H2
H2
C
C
H2
H2
C
CH CH
H2
C
C
H2
CH3
O
OH
O
CH3
4 6
1        2      3  4 5 6 7 8 9 10 11
12
 
 
1H NMR (300 MHz, CDCl3): δ  (ppm) = 3,62 (s, 1), 3,44 (m,8), 3,36 (s, 12), 2,98-2,92 
(m, 7), 2,33-2,23 (t, 3), 1,58-1,55 (m, 4), 1,51-1,21 (m, 5, 10, 6, 9), 0,86-0,81 (t, 11) 
 
13C NMR (75MHz, CDCl3): δ  (ppm) = 174,6 (2), 84,71-84,67 (7), 72,87 (8), 58,44 
(12), 51,74 (1), 34,38 (3), 32,23 (9), 32,23-23,02 (4, 5, 10, 6, 9), 14,44 (11) 
 
 
Octadecanoic acid, 9(10)-isopropyloxy-, 10(9)hydroxy-, methyl ester 
 
H3CO C
H2
H2
C
C
H2
H2
C
CH CH
H2
C
C
H2
CH3
O
OH
O
CH
4 6
H3C
CH3
1        2      3  4 5 6 7 8 9 10 11
12
13
14
 
 
1H NMR (300 MHz, CDCl3): δ  (ppm) = 3,61 (s, 1), 3,39 (m,8), 3,34 (m, 12), 3,11-3,10 
(m, 7), 2,26-2,21 (t, 3), 1,55-1,49 (m, 4), 1,39-1,17 (m, 5, 10, 6, 9), 1,11-1,10 (d, 13, 
14), 0,84-0,79 (t, 11) 
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13C NMR (75MHz, CDCl3): δ  (ppm) = 174,55 (2), 84,71 (7), 72,72 (8), 71,13 (12), 
51,70 (1), 34,35 (3), 33,68 (9), 32,21 (6), 30,35-29,41 (5, 10), 25,23 (4), 23,53 (13), 
22,74 (14), 14,42 (11) 
 
Octadecanoic acid, 9(10)-isobutyloxy-, 10(9)hydroxy-, methyl ester 
 
H3CO C
H2
H2
C
C
H2
H2
C
CH CH
H2
C
C
H2
CH3
O
OH
O
CH2
4 6
H
C
1        2      3  4 5 6 7 8 9 10 11
12
13
CH3H3C
1415
 
 
1H NMR (300 MHz, CDCl3): δ  (ppm) = 3,60 (s, 1), 3,39 (m,8), 3,29 (m, 12), 3,15-3,12 
(m, 7), 2,27-2,22 (t, 3), 1,56 (m, 4), 1,40-1,22 (m, 5, 10, 6, 9), 0,87-0,80 (m, 11,14,15) 
 
13C NMR (75MHz, CDCl3): δ  (ppm) = 174,55 (2), 82,97 (7), 77,67 (12), 72,94 (8), 
51,70 (1), 34,36 (3), 33,68 (9), 29,41(13), 25,39 (4), 19,78 (14,15), 14,42 (11) 
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Octadecanoic acid, 9(10)-neopentyloxy-, 10(9)hydroxy-, methyl ester 
 
H3CO C
H2
H2
C
C
H2
H2
C
CH CH
H2
C
C
H2
CH3
O
OH
O
CH2
4 6
C
1        2      3  4 5 6 7 8 9 10 11
12
CH3H3C
1416
CH3
13
15
 
 
1H NMR (300 MHz, CDCl3): δ  (ppm) = 3,52 (s, 1), 3,44 (m,8), 3,17-3,14 (m, 7), 3,0-
2,96 (m, 12), 2,25-2,20 (t, 3), 1,55-1,52 (m, 4), 1,45-1,18 (m, 5, 10, 6, 9), 0,87-0,80 
(m, 11,14,15,16) 
 
13C NMR (75MHz, CDCl3): δ  (ppm) = 174,55 (2), 82,73 (7), 80,95 (12), 73,00 (8), 
51,71 (1), 34,38 (3), 27,07 (14,15,16), 14,42 (11) 
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Octadecanoic acid, 9(10)-propyloxy-, 10(9)hydroxy-, methyl ester; 
Octadecanoic acid, 9(10)-butyloxy-, 10(9)hydroxy-, methyl ester and 
Octadecanoic acid, 9(10)-pentyloxy-, 10(9)hydroxy-, methyl ester 
 
H3CO C
H2
H2
C
C
H2
H2
C
CH CH
H2
C
C
H2
CH3
O
OH
O
CH2
4 6
H2C
1        2      3  4 5 6 7 8 9 10 11
12
C
H2
1413 15
CH3n
 
1H NMR (300 MHz, CDCl3): δ  (ppm) = 3,66 (s, 1), 3,63-3,50 (m,8), 3,48-3,36 (m, 12), 
3,08-3,06 (m, 7), 2,33-2,28 (t, 3), 1,62-1,25 (m, 4,5,6,9,10,13,14), 0,94-0,86 (m, 
11,15) 
 
13C NMR (75MHz, CDCl3): δ  (ppm) = 174,71 (2), 83,07 (7), 73,09 (8), 70,71 (12), 
51,82 (1), 34,46 (3), 32,69-19,77 (4,5,6,9,10,13,14), 14,49-14,29 (11,15) 
 
2. Infrared (FT-IR) 
 
Besides the usual vegetable oils transmittance bands (oleic acid methyl ester), all the 
products lack the band at 3040-3010 cm-1 characteristic of ethylenic groups. The 
product octadecanoic acid, 9(10) - (3’-benzyloxy-2’,2’-dimethylpropanoxy-), 
10(9)hydroxy-, methyl ester, presents bands in this range but they are due to the 
aromatic ring. The IR spectrum of the ketone (octadecanoic acid, 9-oxo, methyl 
ester) shows a band at 1560 cm-1 for the carbonyl group. Alcohol-addition products 
have band at 3600-3200 cm-1 characteristic of –OH groups in hydrogen bonding and 
a band at 1150-1070cm-1 characteristic of the ether group.  
 
 - 133 -
Appendix  
___________________________________________________________________________ 
 
 
5001000150020002500300035004000
Wavenumber (cm-1)
Tr
an
sm
itt
an
ce
 (a
.u
.)
cis-9-octadecenoic acid methyl ester
Oxiraneoctanoic acid, 3-octyl-, 
methyl ester
Octadecanoic acid, 9-oxo, methyl 
ester
Octadecanoic acid, 9(10)-methyloxy-
, 10(9)hydroxy-, methyl ester
Octadecanoic acid, 9(10)-propyloxy-, 
10(9)hydroxy-, methyl ester
Octadecanoic acid, 9(10)-
isopropyloxy-, 10(9)hydroxy-, methyl 
ester
Octadecanoic acid, 9(10)-isobutyloxy
, 10(9)hydroxy-, methyl ester
Octadecanoic acid, 9(10)-butyloxy-, 
10(9)hydroxy-, methyl ester
Octadecanoic acid, 9(10)-pentyloxy-, 
10(9)hydroxy-, methyl ester
Octadecanoic acid, 9(10)-(3'-
benzyloxy-2',2'-dimethylpropanoxy-), 
10(9)hydroxy-, methyl ester
Octadecanoic acid, 9(10)-
neopentyloxy-, 10(9)hydroxy-, methyl 
ester
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3. Mass spectrometry (70 eV) 
 
Octadecanoic acid, 9(10)-methyloxy-, 10(9)hydroxy-, methyl ester 
 
m/z (%): 345 (M++1, 9), 45 (1), 109 (11), 119 (5), 137 (12), 138 (5), 169 (11), 201 (6), 
215 (6), 263 (17), 295 (33), 296 (7), 326 (5), 237 (100), 238 (22) 
 
Octadecanoic acid, 9(10)-isopropyloxy-, 10(9)hydroxy-, methyl ester 
 
m/z (%): 373 (M++1, 40), 55 (7), 57 (5), 109 (34), 137 (6), 155 (5), 157 (5), 171 (6), 
184 (6), 185 (5), 229 (7), 245 (12), 263 (40), 264 (8), 279 (7), 280 (5), 281 (17), 294 
(5), 295 (100), 296 (18), 297 (5), 311 (9), 313 (31), 314 (7), 353 (6), 354 (6), 355 
(34), 356 (7), 371 (6), 372 (11), 374 (9) 
 
Octadecanoic acid, 9(10)-isobutyloxy-, 10(9)hydroxy-, methyl ester 
 
m/z (%): 387 (M++1, 35), 57 (13), 109 (26), 137 (5), 171 (6), 185 (5), 199 (6), 243 (5), 
245 (14), 246 (6), 262 (5), 263 (45), 264 (8), 279 (11), 281 (15), 293 (7), 294 (11), 
295 (97), 296 (21), 297 (6), 313 (18), 314 (5), 365 (5), 366 (6), 367 (7), 368 (11), 369 
(100), 370 (22), 388 (5) 
 
Octadecanoic acid, 9(10)-neopentyloxy-, 10(9)hydroxy-, methyl ester 
 
m/z (%): 399 (M+-1, 8), 55 (24), 57 (16), 67 (10), 69 (10), 70 (6), 71 (100), 72 (11), 82 
(6), 84 (5), 97 (6), 100 (5), 113 (16), 142 (6), 161 (40), 178 (5), 194 (44), 195 (5), 254 
(6), 272 (13), 301 (19), 302 (5), 318 (25) 
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Octadecanoic acid, 9(10)-butyloxy-, 10(9)hydroxy-, methyl ester 
 
m/z (%): 387 (M++1,  < 5), 45 (5), 55 (37), 57 (63), 59 (8), 67 (29), 68 (7), 69 (62), 71 
(7), 75 (7), 82 (13), 83 (5), 84 (36), 86 (5), 97 (10), 100 (7), 113 (32), 115 (6), 123 (7), 
130 (7), 142 (14), 143 (7), 149 (27), 159 (5), 161 (100), 162 (10), 177 (5), 194 (76), 
195 (8), 206 (9), 207 (27), 251 (5), 252 (23), 253 (6), 255 (8), 272 (8), 301 (15), 318 
(11), 367 (8), 368 (6), 369 (25), 370 (7) 
 
Octadecanoic acid, 9(10)-pentyloxy-, 10(9)hydroxy-, methyl ester 
 
m/z (%): 399 (M+-1,  12), 55 (6), 57 (7), 69 (6), 113 (18), 161 (8), 255 (8), 272 (23), 
273 (5), 289 (8), 301 (53), 302 (10), 31 (5), 318 (8), 380 (7), 381 (7), 382 (100), 383 
(27), 384 (5) 
 
Octadecanoic acid, 9(10)-propyloxy-, 10(9)hydroxy-, methyl ester 
 
m/z (%): 373 (M++1,  21), 55 (29), 57 (33), 67 (13), 69 (37), 84 (16), 97 (7), 100 (8), 
102 (5), 113 (44), 115 (8), 123 (6), 130 (8), 142 (9), 149 (12), 161 (25), 163 (5), 178 
(6), 191 (9), 192 (18), 194 (13), 207 (7), 238 (27), 239 (6), 239 (6), 255 (21), 194 
(13), 207 (7), 238 (27), 239 (6), (255 (21), 272 (50), 273 (10), 287 (8), 289 (12), 300 
(100), 302 (20), 303 (7), 316 (7), 318  (17), 355 (8), 356 (18), 357 (37), 358 (7). 367 
(5), 372 (5)   
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